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Abstract

ABSTRACT

The aim of the presenthesis was to better understand the physiologicd of the
phytohormonegasmonatesJAs) andabscisic acidABA) during fruit ripeningin prospect of a
possible field application of JAs and ABA to improve fruit yield and quality. In particular, the
effects of exogenous application of these substaatedgdferentfruit developmental stages and
under different experimental conditions were evaluaBenne aspects of the water relations upon
ABA treatment were also analysethree fruit speciepeach(Prunus persicd.. Batsch), golden
(Actinidia chinenss) and greerkiwifruit (Actinidia deliciosd, andseveralbf their cvs were used
for the trials. Different experimental models were adopted: frmitglanta detached fruit,
detached branches with fruit, girdled branches and micropropagated plantsvofhevas
structured into four sets of experiments as follows:

(i) Pre-harvest methyl jasmonate (Mdpplication was performed at S3/S4 transition under
field conditions in Redhaven peach; ethylene production, ripening index, fruit quality and
sheltlife were assessedhowing that M<reated fruit were firmer and thus less ripe than
controls as confirmed by the Index of Absorbance Differengg),(lbut exhibited a
shorter shellife due to an increase in ethylene productiorar&bver, the time course of
the expession of ethylene auxin and other ripeningelated genes was determined.
Ripeningrelated ACO1 and ACS1 transcript accumulation was inhibited though
transiently by MJ, and gene expression of the ethylene receptor ETR2 and of the
ethylenerelated transription factor ERF2 was also altered. The time course of the
expression of several auxielated genes was strongly affected by MJ suggesting an
increase in auxin biosynthesis, altered auxin conjugation and release as well as perception
and transport; theneed for a correct ethylene/auxin balance during ripening was

confirmed.

(i) Pre and postharvest ABA applications were carried out under field conditions in
FI aminia and O6Henry peach and Stark Red
ripening index.fruit quality and sheHife were assessed. Results show tatharvest
ABA applications increase fruit size and skin color intensiiso postharvest ABA
treatments alter ripeninagelated parameters; in particular, while ethylene production is

impaired in ABA-treated fruit soluble solids concentrati®SC)is enhanced. Following
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Abstract

(iii)

(iv)

field ABA applications stem water potential was modified since AB#ated peach trees
retain more water.

Pre and postharvest ABA and PDJ treatments were carried otoih kiwifruit species

under field conditions at different fruit developmental stages and in-haogest.
Ripening index, fruit quality, plant transpiration, photosynthesis and stomatal
conductance were assessBteharvest treatments enhance SSC in thedvgand flesh

color development in golden kiwifruit. Pelsarvest applications of either ABA or ABA

plus PDJ lead to increased SSC. In addition, ABA reduces gas exchaAgekelitiosa

Spray, drench and dipping ABA treatments were performed in miqeageted peach
plants and in peach and nectarine detached branches; plant water use and transpiration,
biomass production and fruit dehydration were determined. In both plants and branches
ABA significantly reduces water use and fruit dehydration. No negagiffects on
biomass production were detected.

The present informationpainly arising from plant growth regulator application in a field

environment, where plants have to cope with multiple biotic and abiotic stresses, may implement

the perspectives fdahe use of these substances in the control of fruit ripening.

Vi



General Introduction

1. GENERAL INTRODUCT ION

Developing fruits are terminal sinks that require carbohydrate, other metabolites, mineral
nutrients and adequate water to sustain growth. In addition, develbmhénese organs is
known to be affected by plant hormones which act either directly or indirectly to alter gene
expression (Cowaet al, 2001).Fruit development and ripeningre major steg in fruit tree
production becaustheydetermineoverall fruit size and quality. In most species, fruit growth can
be divided in three main stages. The first one includes the ovary development inside the flower
and fruit set. During the second phase, fruit grows due to cell proliferation. The final step is
characteried by growth due to cell enlargement; in this phase food reserves are accumulated and
most fruits attain its final shape and size. Fleshy fruits after reaching their final size and shape,
ripe. This process is characterized by dramatic changes in codamet@nd taste, which confers
the palatable attributes that characterize them (Gillaspal., 1993;Pirrello at al., 2009)The
physiological changes occurring in fraiduring the different stages of development and ripening
are mainly due to the relaé levels of several hormones. Fruit set and early fruit growth are
dependent on the production of auxamd gibberellins (&s) by developing seeds, when seeds
approach maturity, their importance as production centers of hormones decreases, andrfor furthe
fruit development hormone supply is essential. In addition to auxin and GAs, cytokinins (CK)
that are known to stimulateell division, may also be involved in early fruit development.
Finally, abscisic acidABA) and ethylene play key roles in develapiinuits, the latter increasing

especially when fruit ripening starts (Tromp and Wertheim, 2005).

1.1 Fruit growth

Flesh fruits are botanically diverse, with some like tomato and grape being true berries
derived from ovary, and others such as strawberiyegpple and apple derived from the
receptacle tissues or from expansion of the sepals (Barry and Giovannoni, 2007). In general, fruit
growth as fresh weight gain or siaacrement follows a sigmoidal curve Gonnors, 1919;
Baldini, 198, Westwood, 1993)vhich can be separated in two distinct growth patteimghe
first stage which varies upon fruit specgegrowth is duemainly to cell divisionsand accounts
for little increase in fruit size (Gillaspst al., 1993; Westwood, 1993; Grierson, 2002; Trosmal
Wertheim, 2005). Celhumber is a function of the number of mitotic divisiomsich require the

presence of inde3-acetic acid (IAA) and CKin the absence of CK, cells do not divide (Cowan
1



General Introduction

et al, 2001); ABA negatively regulates cell division sinde inhibits cell division of maize
kernels,maize root tips, pea buds apdllen cells (Reddy and Day, 2002)

In the second stage, growth is mainly due to cell expansion and accounts for a rapid increase
in size due to the development of vacuoles in thelyndavmed cells (Grierson, 2002puring
this stage, growth is enhanced by the presence of seeds since tlay iamgortant hormone
production cente(Cowanet al, 2001) In general, high IAA and GA levels are associated
active seed growth by cell eapsion and fruit growth; these hormones are at their maximum
during mid-embryo growth when CK content is rapidly declining and there is little or no ABA
(Cowanet al, 2001); sedless avocado fruits are considerably smaller than the bsaedg
ones (Cowan et al, 2001) Studies of the effect of ABA and CK on fruit size revealed that
mesocarp ABA level was negatively correlated with avocado (MGanelonet al, 1998) and
litchi (Li et al, 2005) fruit size that is consistent with reports which stateABd#t retards cell
division cycle activity (Meyerst al, 1990; Mambelli and &ter, 1998).

From a biophysical point ofiew, fruit growth may be defittas a balance between
incoming and outgoing fluxes; when this balance is positive fruit increase ghtwevhile in
contrastwhenit is negative they shrink (Fishman and Génard, 1998). Carbon and water enters the
fruit via phloem and xylem streams, driven by hydrostatic pressureegtadilong the vascular
path (Mnchin and Thorpe 1996 Patrick, 199). In early stages of developmermghloem
assimilate unloading to terminal accumulating sinks occurs via symplasm (Patrick, 1997) and
switches to apoplasm towards the end of growth when a grand phase of pholatassmport
begin (Lalonde et al, 2003). Symfasmic solute flow occurs through plasmodesmata, by
diffusion or bulk flow, following osmotic potential gradients (Laloreteal, 2003) and may be
modulated by plant hormones (Morris, 1996) while apoplasmic transport becomes necessary
when no or too low water potential gradients exist, to actively transport dartb@tes into the
fruit (Lalonde et al, 2003). In peaches similar relative contribution of phloem, xylem and
transpiration occurs during fruit growth, with higher xylem contribution to grakwitughoutthe
season (Morandt al, 2007) In kiwifruits, in contrastxylem fluxes decreaseand phloem flux
ratesare corstant through the season, indicatiag increag in phloem contribution to fruit
growth with fruit development (M@ndi et al,, 2010).

Soluble sugar composition and availability strongly affect cell cycle activity and cell
proliferation as demonstrated for kernel set in maize, fruit developmdnmilliom and fruit size

in tomato (Cowaret al, 2001). Sugar utilization during organ d®mment is a function of
2



General Introduction

sugarmetabolizing enzymes that are encoded by suggponsive genedlso, fruit growth is
influenced byisoprenoid availabilitysince several products of the isoprenoid pathway are
potentially involved in the control of cell dsion and fruit size (Gillaspgt al, 1993).

Stone fruit growth curve follows a doubfagmoidal pattern (Baldini, 183 Westwood, 1993,
Grierson,2002; Tromp and Wertheim, 200%nd four distinct stages have been identified. The
first one, named S1, represented by growth gain initially due to cell division and then, towards
the end, to cell elongation. The second one, called S2, is a slow growth period that coincides with
pit hardening, in which lignification of the endocarp proceeds rapidly whilkooaep and seed
growth is suppressed. In the S3 stage fruit growth is only due to cell elongation, and fruits reach
its final size. In stage 4 (S4), fruits stop their growth @peningrelated changes begin.

In kiwifruits, diverse growth curves have beennd by different researchers, though most of
them coincide with a single sigmoid curve (Okuse and Ryugo, 1981; Beever and Hopkirk, 1990;
Walton and De Jong, 1990; Gallegbal, 1997).In this curve, gowth can be clearly divided in
two phases: an indl period (less than 60 days after anthesis, DAA) where relative growth rate
and diameteincreaseare high andglow downwith time; and a second stage (60 to 180 DAA) of
slow growth with low and constant relative growth rate thatslastil harvest (Beeer and
Hopkirk, 1990; Galleget al, 1997; Morandet al, 2010)

1.2 Fruit ripening

Fruit ripening can be considered as the final step of fruit differentiation. In fleshy fruits this is
associated with the activation of metabolic pathways thatecthiesh softening, chlorophyll
degradation, pigment synthesis, sugar and organic acid content modification,idantiox
accumulation and volatilsynthesis that, as a whole, confer the fruits their typical palatable
attributes needed for marketing .

Fruits hare been classically categorized as climacteric andctioracteric on the basis of the
presence or absence of a neréase in fruit respiration ratand a burst in ethylene production at
the onset of ripening (Bialand Young, 1981). Climacteric fruitsxclude tomato, apple, peach,
melon, banana and kiwifruit, whereas strawberry, grape, citrus and sweet cherry are considered
as norclimacteric. However this distinction isot absolutesince closely related melon and
Capsicum species canbe both climacterc and norclimacteric, and some smlled non

climacteric fruits display enhanced ripening phenotypes in response to exogenous ethylene.
3
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Nevertheless, increased ethylene synthesis at the onset of ripening is required for normal ripening
of many fruits (Bary and Giovannoni, 2007).

Several studies confirsithat climacteric fruits need ethylene to undergo normal maturation
as demonstrated by the inhibition of the process in transgenic ACS (&edler1991) and ACO
(Hamilton et al, 1990; Ayubet al, 19%) antisense plants where ethylene produci®n
suppressed. Moreover, the need for ethylene is demonstrated by the discovery of thp@ever
(nr) tomato mutant which canot perceive ethylene due to a mutation in the ethylene binding
domain of the NR éiylene receptor (Wilkinsort al, 1995), and the ripening inhibitorirf)
tomato mutant that does not show the autocatalytic ethylene production amoit ¢eansmit the
ethylene signal downstream to ripening genes due to a mutation in the RIN tramsdeptor
(Vrebalovet al, 2002). Reduction in ACS gene expression and ethylene production also seems to
be responsible for the naipening phenotype in peach cultivars that carry the recestig
hard (sh) mutation(Tatsukiet al, 2006) wheresh fruits fail to soften on the tree or in pest
harvest though other ripening traits such as color development, solubleasaligdaulationand
flavor characteristics are fairly normal (Hajial, 2001in Tatsukiet al., 2008.

It is extensively demonstradethat ethylene regulates the transcription of several genes
associated to ripeningpduced metabolic pathways including its own autocatalytic biosynthesis
(Giovannoni, 2004). The role of other plant growth regulators such as auxins, polyamines,
jasmonate (JAs), ABA and brassinosteroids, on climacteric fruit ripening instead, still needs
further investigations. The study of transgenic plants with repressed ethylene production
demonstrated that, during maturation, genetically determined ethyégendentand ethylene
independent processes coexist (Bauaktotl, 1998; Floreset al, 2001). In peaches, auxin
related genes are upgulated during the transition to ripening; these include the PIN auxin
efflux facilitator, auxin response factors (ARF), AuxAAroteins (transcriptional modulators of
the hormone response), a hormone receptor encoding gene (TIR1), and genes involved in auxin
biosynthesis such as indedeglycerol phosphate synthase (IGPS) and tryptophan synthase (W
synt; Trainottiet al, 2007).Recently, Zhanget al. (200%) found increasing levels of-8s-
epoxycarotenoid dioxygenase transcripts (NCED1) that enhanced the ABA accumulation in
grapes and nectarines and preceded ethylene production at the onset of ripening; in both fruits,
low levds of ABA induce physiological maturation reactions that were ethyileshependent;
however, when ABA was applied exogenously together fithethylcyclopropene ¢éMCP), an

inhibitor of ethylene perception (Sisland Serek, 1997 both fruits did not rip@nd soften.
4
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While the role of ethylene in climacteric fruit ripening has been broadly studied, the
hormonal mechanisms that regulate this process irchimacteric fruits still need to be clarified
(Giovannoni, 2004). In strawberry, considered the megekties for nowlimacteric fruits, the
isolation of several genes correlated with ripening and the analysis of the gene expression profile
of the receptacle revealed that the metabolic pathways that modify fruit consistency, color, aroma
and flavor are snilar to those activated in climacteric frusAh ar o n i and O6Con
Ripeningrelated genes seem to be regulated by auxins in strawberry; indeed, a recent microarray
analysis revealed that exogenous auxins may regulate positively and negativelyosohe
genes correlated with ripening; some other genes are independent from auxins (Ahatoni
2002) showing that in nealimacteric fruits different hormones are involved in ripening.
Recently, several studies showed that exogenous ethylenesratsehon-climacteric fruit
ripening, evidencing thiahis hormone can play a role in this process. In fact, ethylene stimulates
anthocyanin biosynthetic gene expressionK&teamyet al, 2003), and alcohol dehydrogenase
transcript levels in grape (Tesre et al, 2004) wheras in citrus stimulates fruit dgreening

without altering other ripening related processes (€a&d, 2004).

1.2.1 Ethylene

The gas ethylene is synthesized in many tissues in response tpistpegsicular in those
undergoig senescence or ripening (Davies, 2010). Its biosynthesis starts from methionine and
consists of 3 steps: a) conversion of methionine -Brd&osylL-methionine (SAM) which is
catalyzed by the enzyme SAM synthase, b) formationarinocyclopropand-cartoxylic acid
(ACC) from SAM via ACC synthase (ACS) activity, and c) the conversion of ACC to ethylene as
catalyzed by ACC oxidase ( ACO)-methylthioaderginet i o n
(MTA) which is utilized to form more methionine via the Yang cytfechet al, 2010). The
formation of ACC and its conversion to ethylene are the two committed steps in the hormone
synthesis as the Yang cycle maintain high levels of biosynthesis even under low methionine
availability (Kendeet al, 1993).

In plants, tvo systems of ethylene production have been defined. System 1-slaibitory,
characterized by a negative feedback of ACS and ACO such that exogenous ethylendtshibits
synthesis, and inhibitors of ethylene action can stimulate ethylene produgstamsl functions

during normal growth and development, during stress responses and everclimaceeric
5



General Introduction

stages of fruitdevelopment System 2 is autoatalytic, characterized by a positive feedback of
ACS and ACO, and is stimulated by ethylene and egged by inhibitors of ethylene action; it
operates during senescence and fruit ripening (Lelievral, 1997; Barry and Giovannoni,
2007).ACS and ACO are encoded by migene families in higher plants. In tomato at least 9
ACS and 34 ACO genesxist and among them 4 ACS and 3 ACO genes are differentially
expressed in tomato fruits (Barry and Giovannoni, 200éACS6and LeACS1Aare expressed
during the preclimacteric stage, andeACS2in the climacteric one; during transition to
climactericLeACS6is silenced and.,eACSlaand LeACS4are upregulated (Barryet al, 2000);
LeACOland LeACO3instead are expressed during fruit maturation and contribute te auto
catalytic ethylene synthesis (Bamryal, 1996; Nakatsukat al, 1998).LeACS2andLeACS4are

not expressed inn (ripening inhibitor) andr (nonripening) tomad mutants (Pecht al, 2010).

Peach fruit ripening also relies on changes in expression of several genes, including ACS
and ACO, the key enzymes of the ethylene biosynthetic pathw@@1 is expressed in flower,
fruitlet abscission zones, mesocarp, and in young fully expanded leaves, and its transcript
accumulation strongly increases during fruitlet abscission, in ripe mesocarp and senescent leaves
(Rasoriet al, 2003).

1.2.2 Cellwall metabolism

Fruit flesh consistency depends on cell adhesion and cell wall rigidity (Pitt and Chen, 1983).
In dicot, cell wall consists of rigid, inextensible cellulose microfibrils held together by
interpenetrating coextensive networks of matrix ghgapectins and structural glycoproteins.
The microfibrils are held together with glycans and pectins by covalent and electrostatic bonds
(Brummell and Harpster, 2001).

During ripening, cell wall architecture and composition are progressively modifieainbeg
increasingly hydrated as the cohesion of the pectin gel changes. Cell wall is degraded mainly by
the action of wall hydrolases such as eifidglucanase (EGase), exoand ende
polygalacturonase (exand endeP G)-g a b a ¢ t ogal), deatim methigdierase (PME), and
expansins (EXP). The moment when gelcell adhesion decreaseda the breakdown and
dissolution of the pectimich middle lamella will determine thecharacteristic flesh texturef
diverse specieshis ocurrsearly in ripening ofoft fruits as tomato and late in crisp fruit as apple

(Brummell and Harpster, 2001).
6
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1.2.3 Sugars and organic acids

Carbohydrate and organic acid content have a notable importance in defining fruit
organoleptic properties as the acid/sugar ratio defings flavor, and carbon metabolism is
strictly correlated with the pathways of secondary metabolite synthesis, such as pigments,
vitamins and volatiles. Acids, alcohols, aldehydes, esters and lactones, responsible for fruit
aroma, and terpens, that arscaprecursors of lycopene and carotenoids, are derived from fatty
acid degradation.

Intermediates formed during glycolysis can be used in other metabolic pathways. For
example, from phosphoenolpiruvate (PEP), through the shikimic acid cycle, aromati@eiasn
as tyrosine, tryptophan and phenylalanine are synthesized. The last one is used as a precursor in
the biosynthesis of phenolic components such as lignine, flavonoids and anthocyanins.
Furthermore, from pyruvatéhe aminoaciddeucine, valine and ideucine are formed, and
brancheechain volatiles are derived from their catabolism (CaaadFernie, 2006).

In higher plants, sucrose is the main form of transport carbohydrate. Sucrowse sirse
tissues depends @uigar transport from apoplast, thgh cytosol, to vacuoles (Nguy€puoc and
Foyer, 2001). In this process, sucrose is degraded in glucose and fructose by sucrose synthase
(SuSy) or by invertases (Koch, 2004), ardynthesizedthy SuSy or sucrose phosphate synthase
(SPS). SuSy and SPS argaplasmic enzymes, while the invertases are localized in the cell wall,
cytoplasm and vacuoles (Nguy&uoc and Foyer, 2001n general, hexoses favor cell division
and sucrose favors differentiation and maturation (Koch, 2004). During fruit develogiment,
fruit passes from fast carbohydrate utilization to carbohydrate accumduiladicatinga change
in sugar metabolism, thus shifting the enzymatic activity of sugar metabolism and phloem
unloading (NguyerQuoc and Foyer, 2001). In tomato, during thst fgrowth phase, sucrose
unload occurs via symplasm and is regulated by SuSy and SPS. In the following steps, sucrose
unloading occurs via apoplasm; in this case wall invertase catabolizes sucrose in fructose and
glucose, and they are imported by a hextraasporter inside the cell, where sucrose is re
synthesizedy SuSy and SPS (Nguy€puoc and Foyer, 2001). Invertases mediate the initiation
and expansion of many new sink structure, while transition to storage and maturation phases is
facilitated by chages in hexose/sucrose ratio, thus by a shift from invertase to ssgrabase

paths of sucrose cleavage (Koch, 2004).
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In peach fruits, glucose and fructose are predominant in the early stages of development; then
their concentration decreases, while rege concentration exponentially increases until it
becomes the principal carbohydrate in mature fruits and sorbitol remains low during the whole
growth period (Moriguchet al, 1990; Vizzottoet al., 1996; LoBiancoet al, 1999. Lo Bianco
et al. (1999)detectedSuSy activity onlyduring stage 1, invertase adty during S1 and S3 and
sorbitol metabolizing enzymes during.S3everal studies shotlat kiwifruits accumulate starch
from 40 to 60 days after full bloom (DAFB) while glucose and fructose nbirtereassrapidly
from 140 DAFB onwards and sucrose concentration rises only with the onset of net starch
degradation just prior to haest (Okuse and Ryugo, 198#alton and DeJondl,990; Klagest
al., 1998; Miller et al, 1998); also, anagly peak m glucose occurs prido the start of starch
accumulation(Okuse and Ryugo, 1981; Walton and DeJong, 1990; Klagek 1998). Yellow
kiwifruits exhibit a similar carbohydrate seasonal accumulation pattern (Boléinhgh 2000)
but they have higher taksugar content than green ones at eating time (Nishigaaia 2008).

As far as organic acids are concerned, along with sugars, they determine fruit taste by
producing tartness (Nishagna et al, 2008). The main organic acids accumulated in fruits are
malic and citric acid (Tucker, 1993). Their content depends on the accumulation in the early
stages of fruit development (Lavislartin et al, 1977), vacuolar compartmentalization (Mukr
al., 1996) and mobilization during ripening (Ruffnet al, 1982. The key enzyme in acid
synthesis is phosphoenolpiruvate carboxylase (PEPC; Matiraj, 2000) whereas malic acid
degradation during ripening is carried out by malic (ME) and malate dehydrogenase enzymes
(MDH), and citric acid degradation by isocitratenydrogenase (ICDH; Ruffner, 1®8Popova
and Pinheiro de Carvalho, 1998). In ripe peaches, malic, citric and quiniE aeidoresent
(Moing et al, 1998). Malic acid accumulates mainly during the fast growth S1 stage, whereas
citric acid accumulates dimg S3 stage (Zanchiet al, 1994). Peaches with low acidity do not
accumulate acids during development (Moetgal., 1998).At harvest, bth green and yellow
kiwifruits mainly containscitric (40-60 %) and quinic acidg40-60%), and, to a lesser extent,
malic acid (10-20%) with differences among cultivar@viarsh et al, 2007; Nishiyamaet al,

2008).
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1.2.4 Volatile synthesis

Ripening is accompanied by the production of several volatile compounds, such as terpenes,
esters, alcohols, aldehydes anddaets that define fruit aroma (Lalet al, 2003; Kondcet al,
2005; Wanget al, 2011). Terpenes derive from pyruvate and glyceraldeBygpleosphate, and
esters, alcohols and lineahain aldehydes from acetgbenzymeA which is formed during
glucose ad fatty acid catabolism. Branaihain esters come from the catabolism of branched
amino acids (Dudarewet al, 2004). Fruits also produce acetaldehyde and ethanol by alcoholic
fermentation (P&s, 2005) during ripening. The quantity and quality of vodstibroduced during
ripening is characteristic of the fruit species. In peach and nectarine, a hundred of volatile
compounds that contribute to fruit aroma have been identified. Esters, aldehydesatouh@ls
are present in unripe fruits, while, duringening, their concentration decreases concomitant to
an increase in linalool, benzaldehyde, gh@ndd-lactones that cdar the typical peach aroma
(Visai and Vanoli, 1997). Gtree peach ripening goes along with a rise in acetaldehyde, ethanol
and acadte ester production (Lavillet al., 2001). In kiwifruits there is a rise in ester and alcohol

content while aldehydes decrease during fruit softening (\Weaag 2011).

1.2.5 Pigment synthesis

In most fruits, as ripening advances, a progressive ex@al mesocarp egreeningoccuss
dueto the conversion of chloroplast in cromoplaBhylakoids starch deposits and chlorophyll
degrade progressively and are substituted by carotenoids and anthociatiteset al, 1999
which are synthesizedtfom isopentenil diphosphate (IPP; Bramley, 2002) and through the
phenylpropanoid pathway (Wink&hirley, 2001), respectively.

This aspect of fruit maturation is important not only from a commercial point of view,
because fruit color is widely appreciated by ©wmers, but also from a health and nutritional
point of view as carotenoids and flavonoids are molecules with elewatigaidant power
(Pietta, 2000; Sajilatat al, 2008. Quantitative and qualitative profiles of phenolic compounds
vary greatly betweerspecies. In tomato peel the main flavonoid accumulated is naringenin
chalcon and to a lesr extent quercetirutinoside (Verhoeyenet al, 2002); pome fruits are
characterized by a high production of catechin, procyanidine and cinnamic acids (Mtalas

1994), citrus is rich in flavan@yglycosidesuch as eriocitrin and hesperidin (Nogatal, 2006)
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while grape acumulatesquercetin and myriceti{Mattivi et al, 2009. Peach and nectarines are
rich in cinnamic acid, catechin, epicatechin and paoaine Andreottiet al, 2008. As far as
carotenoids are concerned, the most widespread in frivit@otene, a precursor of vitamin A.
Tomatoes mainly accumulate lycopemeaseret al, 1994), peacheand nectarine§-carotene
and b-criptoxantine Gil et al, 2003, and kiwifruits b-carotene and lutein (McGhie and Ainge,
2002; Montefioriet al, 2009.

1.2.6 Agronomical determination of ripening

The parameters usually measuiedruits to specifically indicatehorticultural maturity are
flesh firmness, skin color, flesh color and concentration of sugars, soluble solids, total acids,
chlorophyll ard caroteneFruit growers pick their crops as early as possible because prices for
first picked fruits are higher, ané the case of late season fruits, such as kiwifruits, to avoid
frost and bad weather conditions (Beever and Hopkirk, 1$8@)ever, tls practice can incur in
harvesting immature fruits with poor color, flavor and shelf life that will never reach an excellent
eating quality (Tromp, 2005). Late picking improves fruit quality but increases the risk of
mechanical damage, physiological der appearance and disease development, so that long
term storage is not feasible (Kader, 1999; Tromp, 20B&).peaches, ground color change and
flesh firmness are widely used to establish harvest date. In green kiwifruits, a minimum soluble
solid contenh is required in order to maximize fruit storage life, with New Zealand setting its
minimum at 6.2% and California at 6.5% for cv. Hayw@nestwood, 1993; Kader, 199%hen
harvested with SSC lower than 6 Hayward fruits develop flesh breakdown duriragesto
(Crisosto and Crisosto, 2001). In yellow kiwifruits flesh color, expresseaduasangle (H®)is

the most important parameter used, with cv. Hort16A at H° lower than 103 (Woodward, 2007).

1.3 Jasmonates

JAs are plant growth regulators that belonghi family of oxygenated fatty acid derivatives,
collectively knownas oxylipins (Howe, 2010). JA&ig. 1.1) theyderive from the oxidation of
linolenic acid (LA), and have ady role in response to woundiagd biotic and abiotic stresses;

they are als involved in developmental processes as seed germination, flower development,

10
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pollen formation, anther dehiscence, root growth, fruit ripening, and leaf abscission and

senescence (Vggrnack and House, 2002).

Q Q
k- - %, .

Jasmonic acid | methyl jasmonate (M)

o
W

COOH
12-oxo-phyvtodiencic acid (OPDA)

S _ 3 _
O O
1 -COOH

dinorOPDA (dnOPDA) /‘g

Q

%CEV\ isoleucine-JA-conjugate (JA-Ile)
Z-jasmone

Figurel.1Structure of the principal jasmates.

The principal JAs are jasmonic acid and its methylester, methyl jasmonate (MJ). MJ is a
volatile compound present in the essential oils of several species, siagnmasum grandibrum
L.; besides acting in developing and defense processes dJmportant inter and intraplant
signal (Seoet al, 2001). The diverse JAs are normally present in all plant tissues in
concentrations and ratios that vary upon species, tissue, development stage, and in response to

external stimuli (Stinzet al,, 2001).

1.3.1 Jasmonate biosynthesis and perception

Jasmonic acidbiosynthesis (Fig. 1)tarts with the oxidation of linoleic acid (LA) catalyzed
by a lipoxygenase enzyme (LOX) which is mainly localized in the cytosol and foransd913
hydroperoxylinokic acid (HPOT); then allene oxide synthase (AOS) transformtdPI3T in an
instable epoxide that is cyclized by allene oxide cyclase (AOC) to form a cyclopentenene, 12
oxo-phytodienoic acid (OPDA). Finally, OPDA is reduced by OPDA reductase (OPR) to form
11
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(+)-jasmonic acidand ¢)-jasmonic acid
after 3 b-oxidations (Wasternack and
House, 2002; Howe, 201Q)asmonic acid
biosynthesis occurs in two diverse
compartments, with the conversion of LA
to OPDA occurring in the chloroplast and
the b-oxidations in the peroxisomes
(Devoto and Turner, 2005psmonic acid
metabolismwhich leads to the synthesis
of biologically active compounds such
MJ, tuberonic acid, cucurbic acid, <is
jasmone and isoleucine conjugates occurs
in the cytoplasm (Wasternack and House,
2002. Four AOC and LOX genes and just
one AOS have been identified
Arabidopsis(Howe, 2010) while 3 highly

correlated OPR genes

in
have been
characterized imArabidopsisand tomato
(Howe, 2010). Newly formed jasmonic
acid is subjected to a variety of enzyrati
transformation such as methylation of C
that produces MJ via the carboxyl
methyltrarsferase (JMT) enzyme (Cheong
and Do Chqai2003), hydroxylation of G
or Cp, that gives the tuberonic acid
derivative, of

conjugation carboxyl

terminus to produce aminoacids,
reduction of G yielding cucurbic acid
derivative isopentenil diphosphateand

degradation of €to form (Z)jasmone
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Figure 1.2 Octadenoid pathway for JA biosynthes

Modified from Howe, 2010.
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Figure 1.3Pathways for JA metabolism. Modified from Howe 2010.

Under normal developmental conditionglan defense response the enzymes that control the
biosynthetic pathway ofasmonic acidare regulated by a positive feedback. Exogenous JA
treatments or streenhanced endogenous levels stimulate the expression of 1996;(Heitzet
al., 1997; Vorosetal., 1998; Ziosiet al, 200&), AOS (LauderiandWeiler, 1998; Sivasankaat
al., 2000; Agrawakt al, 2002: Ziosiet al, 200&), AOC (Stenzekt al, 2003; Maucheret al,

2004), OPR (Mussigt al, 2000), and JMT (Cheong and Do Cha003). AOS seent® be the

key regulatory enzyme in JA biosynthesis as suggested by enhanced produjetsznoaiic acid

in transgenic potato plants that oexpress the enzyme (Harme$ al, 1995), and inhibited
jasmonic acidbiosynthesis and male sterility iArabidopss after -DNA mediated AOS
disruption (Parlket al, 2002). AOS transcript accumulates in all plant tissues, primarily in those
with elevated endogenous JA as leaves and flowers (Laudert and WeilerSh@g&nkaet al.,

2000). In tomato fruits, AOS traaript levels decrease during development (Hetval, 2000),

and are positively correlated with elevated JA levels in the first stages of developmeeit #Fan
1998b). Itis demonstrated that AOS transcript amount is enhanced by wounding, pathogens,
exogenous JAand ethylene and is correlated with protein accumulation, increased enzymatic
activity and higher JA content (Laudert and Weiler, 1998; Sivasatkadr 2000; Agrawakt al,,

2002).

13
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Exogenous JA or environmental conditions that stimulatenareasein its endogenous
content produces changes in gene expression, like inhibition of nuclear and plastidial proteins
involved in photosynthesis (Reinbotéeal, 1997), and induction of genes collectively known as
JA-responsive genes (JRGs) thataie JAinduced proteins (JIPs) involved in JA bioslyesis

and defense mechanisms.

1.3.2 Physiological roles of jasmonates

1.3.2.1Stress responses

The most studied aspect of JA physiology is its influence in mechanical damageCgrefsa
et al, 1995) and insect and pathogen responses (Thoretma, 1998); however, it has been
demonstrated that they also take part in abiotic stress responses such as hydric shortage
(Lehmanret al, 1995).

Plants use constitutive and inducible defenses in responsathogens and herbivorous.
Constitutive defenses include chemipalysical barriers like cell wall, cuticle, tricoms and
needles. Inducible defenses consist of noxious substance accumulation, such as phytoalexins and
secondary metabolites, and volatile esiug that inhibits pathogen development. Mechanical and
insect damages come along with the production of putative signal compounds like
oligogalacturonides (OGA) from damaged walls (Ore@ardenast al, 2001), reactive oxygen
species (Ryan, 2000), JAsjstemine (SYS), ABA (PeR@orteset al, 1995) and ethylene
( O6 Do etalelddb).

Defense responses can be localized or systemic. It has been suggested that SYS after being
produced in the wound site is loaded into the phloem and taken to undaeages] thus acting
as a systemic response (Narva&squezet al, 1995) However, in tomato, it seems that SYS is
produced at or near the wound site to amplify JA biosynthesis to a level necessary for the
systemic response (How2010) This support®the studieswhich indicate that JAcan act as a
systemic signal (Let al, 2002) as JA synthesis occurs in phloematic cells (Stetzdl 2003),
where the biosynthetic enzymes LOX, AOS e AOC are expressed as it occurs in tomato (Hause
et al, 2003). Eva MJ, being a gas, can mediate systemic responses, as demonstrated by the

induction of defense mechams on neighboring plants (Hon2010).
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In defense responses ethylene aaktylic acid (SA)are also involved. Ethylene and Sére
both necessary foresponses to fungiince insensitivemutantsto ethylene anslJA, ein2 and
coil, are more susceptible fangus attacks(Lorenzoet al, 2003) while thecevl mutant that
express both transduction sign&@smore resistant (Ellis and Turner, 2001). Theieractions
concerningherlivory depend on the species. In tomato, ethylene and JAs reciprocally induce
their biosynthesis and mediate common defense responses by synergistically stimulating the
expression of nume etaly $996y elowever,in (AlddOpsis ethylénk
induces JA synthesis, but not thpposite and ethylengnsensitive mutants show an increase in
the expression levels of JRGs (Ragbal, 1999). Regarding JA and SA interactions, they are
mostly antagonistic as shown by theibition of woundinduced JA biosynthesis and AOS
transcript accumulation by SA (Pefartéset al, 1995); moreover, SA insensitive or SA
deficient mutants have higher JRGs transcript levels thantyple plants (Gupt&t al, 2000).
Jasmonic aci@lso ats negatively on SA, by inhibiting S8ependent genexpressior(Howe et
al., 2010). In some cases, JA, SA and ethylene interaction can be synergistic, as shown by the
cooperative regulation of numerous defense genes in a microarray analySrsbafopsis

response té\lternaria (Schencket al, 2000).

1.3.2.2Plant development

JAs were initially described as growth inhibitors because exogenous applications inhibited
seed germination, plant development aoat growth (Creelman and Mulle1997).Arabidopsis
mutants with reduced sensitivity to JAs exhibit the same features asypaldlAtreated plants,
including short roots, stunted growth and anthocyanin accumulation (Howe, 2010). However,
JAs also stimulate cell division in potato and are present ghhtoncentration in actively
dividing tissues such as young fruits (Fral, 1997).

During leaf senescence genes involved in JA biosynthesis are shown to be differentially up
regulated, and JA levels in senestleaves are 4old higher than in nosenesentleaves (Gan,
2010). In many plants exogenous JAs induce leaf senescence by decreasing the expression of
genes involved in photosynthesis, and réagctheir chlorophyll content. InArabidopsis
senescence is correlated with increased expressidA dfiosynthetic genes and increased JA

levels (Heet al, 2002). However JAs are not strictly required for the normal progression of
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senescence as suggestedAbgbidopsissignalingor biosynthetic mutants that do not show an
obvious delayedenescence phetype (Howe, 2010).

Jasmonic acicseens to be involved in flower developmesince it is highly accumulateth
reproductive tissues. In tomato flowegssmonic acid, MJ, OPDAndJA-lle are accumulated in
higher quantities than in leaves (Haweeal, 2000) and high levels of AOS transcripts occur
(Sivasankaet al, 2000). Recently, impaired JA perception and biosynthesis mutants of tomato
ard Arabidopsis have indicated that JAs are needed for correct leneand female organ
development. In particulam tomato, JAs regulate female organ and ovary developmert (Li
al., 20040) while, in Arabidopsis JAs seem to be essential for male reproductive growth by
controlling the development of viable pollen, anther dehiscence and the elongation of anther
filaments (Howe, 2010).

1.3.2.3Fruit development and ripening

In apple (Faret al, 1997a), tomato (Faet al, 1998a), sweet cherry (Kona al, 2000) and
grape (Kondo and Fukuda, 2001) endogenous JA levels in fruit flesh are high during intense cell
division and then decrease during cell elongation. In apple and tomato, both climacteric fruits,
there is another peak in endogenous JAs prior to the climacteric ethylene buedt §Fai998a)
and, to a lesser extent, during ripening (Koetial, 2000).

The relation between ethylene aexibbgenously appliedAs depends on the species (Kondo
et al, 2004b) the developmental stage (Fanakt 1997b) and the applied dose (Janoudi and
Flore, 2003). Exogenous posgharvest MJ treatments stimulateethylene poduction in
preclimactericand climacteric fruits (Faat al, 1998a)while it inhibits (Saniewsket al., 1987)
or does not affect it in posfimacteric fruits (Faret al, 1997b) suggestinthat JA regulatethe
initial phases of ripeningln contrast,a preharvest JAtreatment strongly reducesthylene
production of peach fruits at harvest (Ziesial, 200&). JA mode of action seems to be linked
to alteration of the activity of ACS and ACO (Fah al, 1998a) but it can also be due to
interactions Jth other hormones like ABA. In peach fryitslJ treatmentsdelay ripening by
reducing transcript levels of ACO1, PG and an expansin. On the comtrapple, exogenous
JAs enhanc&ACO and ACS gene expression, as well as ACC and MACC content (Kadrado
2009) and in strawberry JAs enhances the enzymatic activity of ACS and ACO (Mukkun and
Singh, 2009). It has been demonstratedt rpropyldihydrojasmonate (PDJ), a syntheli&
16



General Introduction

derivative more effective tha’A and MJ (Fujisawat al, 1997), induces BA accumulation in
apples Setha andKondo, 2004 which greatly stimulates ethylenédiosynthesis (Lara and
Vendrell, 2000). In nowtlimacteric fruits, JA effect depends on application time; PDJ treatments
increase sugar accumulation and color of grapappfied at veraison, where ABA accumulation
suddenly riss, but not if applied later, when ABA content decreases (Fujissiwal., 1997,
Kondo e Kawai, 1998).

JAs are also involved in fruit color and aroma development. In apples, MJ stimulates color
develpment (Fanret al, 1998b), as well as anthocyanin accumulation (Koatal, 2001)
independent on fruit maturation stage. Furthermore, JAs induce chlorophyll degradation and
flavonoid synthesis by stimulating chlorophyllase (CHL1; dhiya et al, 1999; Wang et al,

2005), chalcone synthase (CHS; Richatdal, 2000) and phenylalanine ammoniolyd8&\L;
Schenck et al, 2000) transcriptionrespectively In apple, JAeffectsin chlorophyll degradation
and antocyanin productiseem to be ethyleniedepenént asethylene production is uaffected
(Fan and Mattheis, 1999; Matthedt al, 2004). In blackberries, pilearvest MJ treatments
enhancesin a dosedependat way, total anthocyanin and phenolic content, as well as flavonoid
content and antioxidant &ty (Wang et al, 2008). Posharvest MJ application stimulates
volatile compound (VOC) emission in peémacteric fruits and inhibits it in posfimacteric
fruits; this effect seems to be ethylene regulated @tah, 1997b).

JAs alsoalterother quality parameters such fiesh consistency, sugar content and acidity. In
general, fruit consistenadg not greatly influenced by JAs (Gonz&l@guilar et al, 2004; Kondo
et al, 2005a) while in some cases an increase in soluble solid content haghseeved (Fant
al., 1998b;GonzalezAguilar et al, 2004; Wanget al, 2008). Preand postharvest JA treatment
also reduces frususceptibilityto fungi such a®enicillium digitatumin grapefruit (Drobyet al,
1999),Alternaria alternatain papayaGonzalezAguilar et al,, 2003),Penicillium expansurand
Monilia fructicola in peach and sweet cherry (Yao and Tian 2085 stimulating fruit natural
defenses,in particular the activity of chitinasdy-1,3-glucanase, PAL, peroxidase (POBnd
LOX (GonzélezAguilar et al, 2004; Yao and Tian 2005a). Jasmonic acid and MJ can directly
inhibit pathogen growth as in the casePehicillium expansuror stimulatebio-controlagents as
Cryptococcus laurentithat induces defense responses in peach fruits (Yao and Tian 2005).
Finally, JAs seem to be involved in the tolerance of cold damage in numerous species as
demonstrated by increased oxidative stress; indeed, POD, superoxide dismutase (SOD) and

alternative aidase AOX) transcript levels are enhanced by exogenouspflicationgFunget
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al., 2004). Treatments with MJ and PDJ also induce a rise in ABA and polyamine content that
could be correlated with cold resistar{@onzalezAguilar et al, 2000).

1.4 Absisic Acid

Abscisic acid (ABA; Fig 1.4)saweltk nown pl ant hor mone, first
under the names of either abscissin or doymuhich plays key roles in seed and organ
dormancy, plant responses to biotic and abiotic stress and sugargs€Schwartz and Zeevaart,
2010). It belongs to a class of metabolites known as isoprenoids that are assembled from
isopentenyl diphosphate (IDP) and its isomer dimethyldiphosphate (DMADIR

Figure 14 Structure of abscisic acid [(<5ABA] from Schwartz
and Zeevaart (2004).

1.4.1 Abscisic Acid biosynthesis and perception

ABA is synthesized in almost all cells that contain chloroplasts or amyloplasts (Taiz and
Zeiger, 2010).Up to date, wo distinct pathwaygFig. 1.5 for ABA biosynthesis lave been
proposed A direct one that occurs in phytopathogenic fungi in which ABAyisthesizedrom
farnesyl diphosphate (FPP), and IDP and DMADP molecules are synthesized via the well
established mevalonate (MVA) pathway (Tawral, 2005; Schwartzral Zeevaart, 2010). A
indirect one, where ABA is produced from carotenoid cleavage, and IDP prodactiarsvia
the 2C-methytd-erythritob4-phosphate (MEP) pathway (Nambara and MaRat, 2005;
Schwartz and Zeevaart, 2010).
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Figure 15 The drect and indirect pathwa of ABA biosynthesis Modified from Schwartz and Zeevaart
(2010.

ABA biosynthesis can be divided:im) formation of the isoprenoid precursor via MEP
pathway, b) synthesis and oxidative cleavage of epexgtenoids in plastidsand c)
transformation of xanthoxin to ABA in the cytosol (Schwartz and Zeevaart, 2010).

The MEP pathway leads to the formation of lycopene in plastids, which is used as an
intermediate in the synthesis of more complex carotenoids, including xanthophylls, i
photosynthetic tissues. The owexpression of the enzymdsdeoxyD-xylulose 5phosphate
synthase DXS), hydroxymethylbutenyl 4liphosphate reductagelDR) andphytoene synthase
(PSY) often results in increased ABA levels (Tay&ral, 2005). Subsequmély, lycopene is
cyclized and hydroxylated to form zeaxanthin via bHeranch of carotenoid synthesis (Nambara
and MarionPoll, 2005; Tayloet al, 2005).

The epoxycarotenoid cleavage is the first committed step of ABA biosynthesis and is
catalyzed b 9-cis-epoxycarotenoid dehydrogenase (NCED), which cleaves-@olaxanthin
and 9cis-neoxanthin onto @is-xanthoxin (Schwartz and Zeevaart, 2010). An impaired maize

mutant for this step showed3®% and 70%eduction in ABA accumulation in stresseav\es
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and developing embryos, respectiv€lianet al, 1997).NCED are encoded by a family of genes
located on the stromal face of thylakoids in soluble and memibraumed forms Their
expressiorpatterns varyn response to stress and developmental sgfiaiz and Zeiger, 2010).
Tomato mutants oveexpressing NCED shownbanced ABA accumulation in leayva®ot and
xylem sap (Thompsoet al, 2007). In bean, stressduced ABA biosynthesis correlates well
with increased expression NMCED mRNA and with NE&D protein levelsthe stresslgviation
reducesPvNCED1 expression and ABA levels. In avocado fruiBaNCED1and PaNCED3
transcript levels increase prior to the accumulation of ABA during ripethingsuggesting that
NCED is a major ratéimiting stepin ABA biosynthesis (Schwartz and Zeevaart, 2010).

The newly formed is-xanthoxin exits the chloroplast and is converted to ABA by
cytoplasmic enzymes. This process consi$tisvo stepsfirst the formation of abscisic aldehyde
which isregulated by atort-chain alcohol dehydrogenase (ABA2) encoded byABAZ2locus
in Arabidopsis and then the formation of ABA by the action of an abscisic aldehyde oxidase
which requires a molybdenum cofactor (AAO3; Nambara and MaPolh 2005; Taiz and
Zeiger, 2010)AAO mutants lacking a functional molybdenum cofactorAeabidopsisaba3and
tomatoflacca are unable to synteeze ABA (Taiz and Zeiger, 2010). Theba2 Arabidopsis
mutant has impaired conversion of xanthoxin to abscisic aldehyde, and showsegstive
phenotype and altered stomatal conductance (Schwartz and Zeevaart, 2010).

Once ABA is formed, it can be rapidly metabolized situ or it can leave the cell and
functiors as a long distance signartligh the plantABA catabolism rate is proportial to the
amount of ABA accumulatesincethere are no substantial differenéesABA half-life in maize
under weHwatered and stress conditions (Reral, 2007). The catabolism mainly occurs by two
types of reactions; aon hbyyd rtoxe | e-hydrgxmaseoRidd A h&o6 8 6
1.6) which mainly producesphaseic acid (PA) and dihydrophaseic acid (DPAhd b)
conjugation of the carboxyl group glucoseby the enzyme ABA glucosyl transferase to convert
it to ABA glucosyl ester (ABAGE). Both reactions eemto be inducedoy ABA since an
increasein ABA to PA conversioroccursin suspension cultures pteeated with ABA, and the
accumulation of ABAGE increasesn vacuoles of plants subjected to a series of stress and re
watering cycles (Sahartz and Zeevaart, 2010J.he catabolism produces an inactivation of
ABA; however, ABAGE seems to be important in the long distance transport of ABA as its

concentration is high in xylem, and remains stable from root to shoot becabas law
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permeabity. In contrastf r ee ABA i s compartmentalized foll
(Jiang and Hartung, 2008; Dodd and Davies, 2010; Taiz and Zeiger, 2010).
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Figure 1.6 Schematic representation ABA catabolism due to hydroxylation reactions (Namaband
Marion-Poll, 2005).

Recently, several putative ABA receptors have been identified and profdsgdnclude:
the PYR/PYL/RCAR class of soluble receptors, members of the START superfamily ofligand
binding proteins in the cytosol and nucleus (Tam Zeiger, 2010); CHLHyhich isa plastid
localized subunit of the Mgheletase enzyme involved in chlorophyll synthesis, stomatal
signaling, and seed development and {fgestmination growth (Sheret al, 2006); FCA,
flowering time control protein A, auclear receptor involved in regulation of AB#pendent
flower transition and also in responses of lateral root growth to ABA (Rateah, 2006);
GCR2, part of the G protein coupled receptors, that controls major ABA responses such as seed

germination ad dormancy (Liet al,, 2007).

1.4.2 Physiological roles of ABA

1.4.2.1Stresgesponsesnd stomata control
The most studied role of AB&oncernits involvement in plant stress responses, mainly water

and osmotic stresses, and stomatatrol. Droughtis one of the mayor environmental stresses
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that limit crop growth andproductivity (luchi et al, 2001).Cell expansion and growth are among
the first processes to decline under water deficit, while progressive water defictively
affects photosynthésand carbompartitioning (Chavest al, 2002 Taiz and Zeiger, 2010). From
a cellular point of view, membranes and proteins can be damagediuigedhydration andccan
lead toincreass in reactive oxygen speci€artlip and Wisnieski, 2002).

The turgor pressure of guard cells, which responds to environmental and physiological
signals, modulates stomatal apertared thereby regulatdsaf water loss and carbon dioxide
assimilation Brodribb and McAdam, 2031 Stomatal opening and closure are osmotieally
driven processes that occur by changes in guard cell turgor pregsare cell swelling widens
the pore and guard cell deflating narrows it. Stomatal opening is mainip dibe activation of
plasmamembrane H ATPases that extrude protons from guaedlscand create a membrane
hyperpolarization that generates a driving force foufstake, along with Cuptake and malate
synthesis in the cytosol, inducing water influx and cekls (Assmann, 2010; Taiz anceiger,

2010). It has been demonstratedttABA produces membrane depolarization by reducifig K
influx, inducing Cl and malatg efflux and increasing cytosolic calcium concentration of guard
cells, as well ag inhibits H* ATPaseactivation by blue light so that water is osmoticallyt lasd
stomata close (Taiz andegyer, 2010).

Stressful conditions stimulate ABA synthedis plants and detached tissu@3ornish ans
Zeevaart, 1985Zeevaart and Creelman, 1988odd and Davies, 2010). Thiscreasein ABA
levels can reach 200to 30006fold in xylem sap and 5@old in leaves within 4 to 8 hours in
waterstressed sunflower and maize plants (Taiz and Zeiger, 2010). Leaf ABA increment leads to
stomatal closure, widespread changes in gene expression and other adaptations that increase plant
stressalerance (Schwartz and Zeevaart, 2010).

SinceNCED is thought to function in the rate limiting step of ABA biosynthesis, dreught
inducible NCED may be responsible for the accumulation of ABA under stress conditions, and
thusfor the indudion of stomatéclosure. Droughinducible NCED genes have been reported in
Arabidopsis(luchi et al., 2001),maize (Schwartzet al, 1997), tomato (Thompsaet al, 2007)
and tobaco (Qin and Zeevaart, 2002)n droughtstressedArabidopsis the expression of
AtNCED3i s strongly induced and alteringAtNCED3 expression in transgenic plants aftect
endogenous ABA levels, stomata closure and plant tolerance to drought €tuahi 2001).

Tomato mutants ovezxpressingLeNCED1 present enhanced stomdtaesponse to vapor
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pressure deficifVPD) than wild typeunder wellwatered conditionshus exhibiting improved
transpiration efficiency ansoil waterconservatio{Thompsoret al, 2007.

Exogenous ABA mimics the effect of water stregsausing stomata closynacreasingeaf
water potential and reducing transpiration (Quarrie and Jones, 1977). In tobaccp sptasss
conditions lead to a concomitant increase in ABA and |&vels while DPA remains low,
suggesting that also ABA catabolism is enhanced (Qin and Zeewd?).2Application of
exogenous ABA to ABAdeficient mutant®f maiz causes stomatal closure am@btoration of
turgor pressurgvhile wilty mutants blocked in their ability to respond to ABA are not rescued by
ABA application (Taiz and Zeiger, 2010).

Salinty stress is related with water defigince the excess of ions in the systéecrease
plant water status. As well as in water stress, many proteing@meltranscripts increase in
response to salinity stressnd many of them are inducible by ABA (Aot and Wisniewski,
2002).The induction of osmotic streasd/or exogenous ABA treatmenitsbean plantscrease
ABA content in leaves, roots and nodu(&hadriet al, 2006). In citrus (GOmeZardenat al,
2003; Arbonaet al, 2006) and beans (Khadet al, 2006) plant tolerance to osmotic stress is
enhanced by exogenous ABA treatmesitsce theyredue leaf ethylene production and leaf
abscission in citrus, and increaplant growth in beansThe induction ofosmotic stress in
Arabidopsisconfirms that NCED3 and other biosynthetic ABA genes are induced by salinity
stresgs which positively regulat®BA biosynthesis (Barreret al, 2006).

Regarding mmtic stress ABA is commonly associated witinducing pathogersusceptibility
as demonstrated byB¥\-deficient mutantsn which pathogen resistance increag®- to 80-fold
as compared to wilthpe plants(Wasilewskaet al, 2008). ABA mainly influences disease
resistance by interfering with biotic stress signaling mediategA)jasmonic acid and eflene
(Fig. 1.7; MauchMani and Mauch, 2005). Also, disruption &BA signaling induces the
expression of JA and ethylene responsive genes (Miliacth and Mauch, 2005). In some cases
ABA seems to positively influence biotic stresssponseshy increasing allose deposition
throughthe enhanementof diverse callose synthase activitiespecially PMR4 (MaueMani
and Mauch, 2005)Moreovet Arabidopsispmr41 mutant deficient in callose depositioand
wild-type plantstreated with exogenou®BA present @ninished Alternaria brassicicola
infection (Florset al, 2008).
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Figure1.7. Simplified model depicting the role of ABA in disease resistance (Mdai and Mauch,
2005)

1.4.2.2Seed development

Typically, seedABA content is very low early in embryogesis, reaches a maximum at
about halfway point, and then gradually falls to low Isvas the seed reaches maturithug
there is a broad peak of ABA accumulation in the seed corresponding to tonithte
embryogenesis (Taiz and Zeiger, 208d)ich corrdates withthe cessation of cell divisions in the
embryo Finkelstein, 2010). Seed maturation period is characterized by massive reserve
accumulation and cell enlargement, as cells get filled with protein and lipid bodies that will
support growth at germaion (Kinkelstein, 2010). In this phaséBA stimulates the
accumulation of latembryogenesis (LEA) proteins that are thought to confer seed desiccation
tolerance; in fact, exogenous ABA treatments enhance the accumulation of storage proteins and
LEA proteins in cultured embryos, and ABdeficient and insensitive mutants fail to accumulate
them (Kinkelstein, 2010; Taiz and Zeiger, 2010).

Also, ABA suppresses germination of mature seeds and vivipary (Kinkelstein, 2010).
Immature embryos placed in a mediwith or without added ABA, germinate precociously or
do not germinate, respectively. In maize, several mutants that show vivipary arelefiBignt
and this can be partially prevented by exogenous ABA treatments (Taiz and Zeiger, 2010).

Finally, ABA plays a crucial role in seed dormancince ABA-deficient and insensitive
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Arabidopsismutantsare nondormant at fruit ripening oshowreduced dormancyespectively
(Taiz and Zeiger, 2010), andBA hypersensitive mutantpresent mcreased dormancy
suggestinghat ABA is an important endogenous inhibitor of germination (Kinkelstein, 2010)

1.4.2.3Plant development

ABA was the first inhibitory hormone known to be involved in the regulation of growth
togetherwith growth promoters. At concentrations of 1@ 10° M ABA inhibits growth of
wheat coleptiles, barley shoots, bean axes, and the secorshdedii=f rice seedlings (Naqvi,
2002) In contrast, ecentstudies suggest that ABA is needed for normal plant growth and upon
growth conditions it can inhibibr promotegrowth Sharpet at, 2002;LeNoble and Sharp,
20049). At high water potential shoot growth, and root growth to a lesser extent, is greater-in wild
type maize plants than in AB@eficient mutants. In contrast, limiting water availability
determnes opposite effects on shoots and rootsth shoot growth being greater in ABA
deficient mutantsand root growth in wildtype plants (Sharpet al, 2002). In ABAdeficient
flacca and notabilis mutants of tomato, normal levels of ABA are required to maanshoot
development in welvatered plants (Shaet al., 2000). Exogenous ABA treatments inhibit plant
growth under normal growth conditions and entealhainder osmotic stress in common bean
(Khadri et al, 2006). Under high osmotic conditign8BA-deficient mutants ofArabidopsis
have an increased root systex®mcompared to wildype plants (DeSmetet al, 2006) thus
indicating that ABA may inhibit growth underonstressed conditions arehhance it under
stressful ones; howevehis mutantsshow abnamal growth in both nostressed and stressed
conditions The resulting growth inhibition by ABA deficiegids correlated with overproduction
of ethylene augmenting the endogenoABA contentby exogenous treatments ressnpdant
growth by inhibiting ethiene production (Shargt al, 2000; Shart al, 2002);

ABA is also involved in root branchingince ABA-deficient mutants ofrabidopsisshow a
decrease in the number of lateral rofmisned ascompared to wildype plants (De&metet al,
2006).Moreover, insensitive ABAmutantsexhibit decreased sensitivity to awiimuced lateral
root initiation (Nibauet al, 2008) andpresentreduced branching inhibition by hightrate
conditions (Taiz and Zeiger, 2010n rice,on the contraryABA seems to sthulate lateral root
initiation and elongationsince ABA-deficient mutants show inhibited root formation and
elongation (Chemet al, 2006).
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1.4.2.4Fruit development and ripening

ABA can be considered as a ripening control factor, because its conkantdsiring fruit
developmentand increases towards ripening.nonclimacteric fruits such as citrus (Richardson
and Cowan, 1995grape (Kondo and Kawal 998§, litchi (Wanget al,, 2007), rambutan (Kondo
et al, 20018) and sweetherry (Kondoand Gemma1l993 ABA concentrationpeaksbefore
maturation and then decreases towards harvest. In climacteric fruits, such as apple (Lara and
Vendrell, 2000), peachzpang et al, 200%) and tomato (Zhanget al, 200%), ABA
accumulation precedes ethylene productarnoccurs concomitantly with rises in ACC and
MACC content.

Also, ABA is well correlatel with ripeningrelated changes such as color development, sugar
and anthocyanin accumulation, softening progression and chlorophyll degradatieeral
studies demastrated that xogenously appliedABA accelerats ripening of diverse species by
enhancingcolor derelopment (Kondo and Gemma, 1993; Jiang and Joyce, Z0a&3inet al,
2007; Peppiet al, 2007; Wanget al, 2007; Peppiet al, 2008, anthocyanin accumulian
(Kondo and Gemma, 1993; Kondo and Kawai, 1998; Jebad, 2004; Wanget al, 2005; Peppi
et al, 2006; Peppet al., 2007; Wanget al, 2007; Peppet al. 2008, softening (Jiang and Joyce,
2003; Peppet al, 2007), sugar accumulation (Kojinea d., 1995; OfostAnim, 1996;Kondo
and Kawai, 1998; OfostAnim, 1998; Kobashiet al, 2001; Jeonget al, 2004), chlorophyli
degradation (Wanget al, 2005) and decreasing titratable acidity (Peppial, 2007). In
climacteric fruits this ripenin@cceleréion is attributed to increased ethylene production (Bruesa
and Vendrell, 1989; Jiang and Joyce, 2003).

In tomato, peach and grape, endogenous ABA accumulation occurs before ethylene
production (Zhanget al, 2009 aandb), indicating that endogenous ABA critical for the onset
of ripening. In climacteric and neclimacteric fruits, ABA accumulation during ripening ocsur
after the increase intranscript levelsof ABA biosynthetic enzymes NCEDL¢ENCED1,
PpNCED1landVVNCED1in tomato, peach and grape respeely) suggesting thaflCED over
expression initiated ABA biosynthesis at the beginning of fruit ripening. In both studies,
exogenous ABA accelerated fruit ripening while treatments with fluridone, an inhibitor of
carotenoid synthesis and thereby of ABgnthesis (Shargt al, 2002), and MCP delayed
ripening In contrast,1-MCP treatments did not inhibit ABA synthesis and enhanced ABA

accumulation in peach and grape. Reduction of ABA content effectively postponed maturity and
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softeningsuggesting thaABA also plays a rolén later stages of ripening in both climacteric and
non-climactericfruits (Zhanget al, 2009a and b).

Color development and anthocyanin accumulation by ABA correlate evittancedkey
regulatory stepsf anthocyanin biosynthessich asPAL activity in strawberry (Jiang and Joyce,
2003) and gene expression fDP glucose:flavonoid -®-glycoltransferase (UFGT(Jeonget
al., 2004; Peppet al, 2008)chalcone isomerad€€HI) and CHS in grapes (Jeorg al, 2009.
Chlorophyll degradabn in litchi, instead correlates with an increasing adty of chlorophyllase
(Wanget al, 2005).

Regarding sugar metabolism, exogenous ABA stimulates sink activity and assimilate
unloading as demonstratea fruit discs by the stimulationof passive sgar uptakein melon
(Ofosuanimet al, 1998) and strawberry (OfosAnim et al, 1996), and activeugaruptakein
peach (Kobashet al, 2001). Alsg ABA treatments modify the activity of sugar metabolizing
enzymesin peachABA transientlyenhances thactivity of sorbitol xidase (SOXKobashiet
al., 1999) in grape and apple induces botlsoluble (SAI) and cell wall acid invertases (CWAI
Panet al, 2005; Paret al, 2006) and activates ATPase in apple fruits, thus enhancing energy
driven carbohydate unloading (Penet al., 2003).

1.5 Aims of the Thesis

The aim of the present study/thesis was to better understand the physiological role of the
phytohormonesAls and ABAin fruit ripening. In particularthe effects of exogenous application
of these substances at different developmental stages and under different experimental conditions
were evaluateat agronomical, physiological and molecular levdlsreefruit species, peach
golden and greddwifruit, and several cvs were usedr fthe trials. Different expeimental
models were adopted: fruiie planta detached fruit, detached branches with fruit, girdled
branchesand micropropagated plant&igronomical and molecular analyses were performed in
order to get a deeper insight into fhieysiological changes indad by the hormones in prospect
of a possiblefield application of JAs and ABA to improve fruit yielehd quality. In particular,
JA/fruit quality, JA/ethylene, JAauxin and ABA/fruit quality relationshipswere investigated in
peach and kiwifruit Moreover some aspects of the ABA/water relationships were analized in

both speciesThe work was structured into four sets of experimast®llows:
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(1) Pre-harvest MJ applicatiowas performed at S3/S4 transition under field conditions
in Redhaverpeach ethylene poduction, ripening index, fruiquality and shefife
were assessed; moreoyte time course of thexpression of ethylengauxin and
other ripeningrelated genewas determined

(i) Pre and postharvest ABA applicatiomwere carried out under field oditions in
FIl ami ni a a peahch @a$takn Reg Goldnectarine fruit at different
developmental stagesthylene production, ripening index, fruit quality and shiédf
were assessddgether with tree water potential.

(i)  Pre and postharvest ABA and BJ treatments were carried out under field conditions
at different fruit developmeat stages and in postarvest in kiwifruit. Ripening
index, fruit quality plant transpiration, photosynthesis and stomatal conductance were
assessed.

(iv)  Spray,drenchand dpping ABA treatments were performed in micropropagated peach
plants and in peach and nectarine detached branches; plant water use and

transpiration, biomass production and fruit dehydration were determined.
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2. PREHARVEST METHYL JASMO NATE APPLICATION
DELAY S FRUIT RIPENING AND ALTERS ETHYLENE AND
AUXIN BIOSYNTHESIS A ND PERCEPTION IN PEACH

2.1 Introduction

Jasmonates (JAS) are ubiquitous signaling molecules, synthesized from linolenic acid, which
mediate plant responses to environmental stress such as wgpuandinpathogen and insect
attacks (Wasternack, 2007).

JAs also play a role during developmental processes, including plant growth, seed
germination, pollen development, and fruit development and ripeRiegaCortéset al, 2005;
Wasternak, 2007)Ripenng is a complex, genetically programed process: in climacteric fruit,
progressive physicochemical changes involving color, texture, flavor and aroma, which all
contribute tooverall fruit quality, are induced and, at least in partpatinated by changes
ethylene biosynthesis and perception (Giovannoni, 2004)limacteric fruit, such as apple and
tomato, JA levels increase at ripening suggesting that they could be involved in the modulation of
this process (Faeat al, 1998a; Kondeaet al, 2000).Exogenously applieanethyl jasmonateMJ)
was shown to inhibit or enhance fruit ethylene production in apples and pears in relation with
fruit ripening stage Kan et al, 199M; Kondo et al, 2007). In nectarines pre-harvest JA
treatment resulted in delayegening as determined by lower ethylene production rates, reduced
fruit softening and dowanegulation of several ripeniaglated genes (Ziogit al, 2008, Ziosi et
al., 2009) in peaches, pogtarvestMJ application reduced fruit softenirgnd flesh bowning
during cold storagéMenget al., 2009)

In the present work, peach was chosen as a model to shed some light on the physiological role
of JAs during fruit ripeningand sheHlife, and the reciprocal relationship between ethylene and
JAs. Moreoverthe effects of JA on the expression of auxielated and other ripeninglated
genes werevaluatedn order to better understand the frpitysiological responsé&.he natural
derivative of jasmonic acjdMJ, wasapplied to peach fruit &3/S4developnentalstageunder
field conditions, and the followingvere analyed: () ethylene productignfruit ripening and
quality; (ii) transcriptlevels of severalethylene, auxin and ripeningrelated genegiii) and

postharvest behavior.

29



Pre-harvestmethyljasmonate application delays fruit ripening and alters ethylene and auxin
biosynthesis and perception in peach

2.2 Materials and Methis

2.2.1 Plant material and experimental design

The trial was conducted at the S. Anna experimental field of the University of Bologna,
Italy, on twenty year old peach treeBrinus persicaL. Batsch) cv. RedHavengrafted on
seedling rootstock and trathéo a free openase. Eight trees were randomly selected for their
size and fruiload uniformity; half of them were sprayed w20 ppm MJ(Nippon Zeon Co.,
Tokyo, Japan) aqueous solution; the latter was prepared by diluting a 5% MJ stock solution
contaning 30% (v/v) surfactant (Rheodor460, Nippon Zeon Co., Tokyo, Japan) and 32.5% (v/v)
ethanol(Ziosi et al, 200&); the remaining four plants were sprayed with an agueous solution
containing the same concentration of surfactant and ethanol. Treatmeatpevirmed at the
S3/S4 transition stage of fruit growth. Fruits (1TB0) were picked 11 and 14 days after
treatment (DAT); a part of them (20 fruits selected by the -Dieter) was left at room
temperature (20°C) in order to assess their ethylene produadter Q 12, 36 and 60 h of shelf
life; the remainingfruits were used for nodestructive ripeningassessmentlso at 2 and 7
DAT destructive and nedestructive quality analysis, as well as ethylene production
determination were performdd a 20fruit sample (20) Fruit mesocarp tissue was sampled for
molecular analysis and phenolic determination at 2, 7, 11 and 14 DAT, and steB8éiCatntil

use.

2.2.2 Ethylene and quality trait determinations
At harvest, the extent of fruit ripening was regructively measured by means of the DA
meter, a portable and nedestructive device based on visible/Neafra-Red (Vis/NIR)
spectroscopy developed and patented by the Uniyen$iBologna (Costat al, 20®). This
instrument gives a fruit maturity inde cal |l ed Al ndex of pAth@ad sr bance
based on fruit absorbance spectra acquired by a spectrometer in th@0866m wavelength
range and is calculated as:
lap = As70- A720
where Ag7o and A;»o are the absorbancevalues at the wavelergg of 670 and 720 nm,

respectively. This difference in absorbance between two wavelengths near the chlaqelay|
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(Iap) is strictly correlated to the actual chloropkgltontent in peach fruit flesh and to the time
course of ethylene production durifrgiit ripening (Ziosiet al, 2008). Therefore, considering
that peach is a climacteric fruit whose chlorophyll content decreases during rip€helgérs
and Ende, 1975), theab allows to group peach fruit on the basis of their ripening stage in
homogeneous classes. In particular, thg tontinuously decreases during the progression of
peach fruit ripening (Ziosst al, 2008)).

Ethylene productionvas measured by placing the whole detached fruit in a 1.0 | jar with an
air-tight lid equipped with a tber stopper, and left at room temperature for 1 h. A 10 ml gas
sample was taken and injected into a Dani HT 86.01 (Dani, Milan, Italy) gas chromatograph
fitted with a flame ionization detector and a Porapak Q column (Supelco, Bellefonte, PA, USA).
The carier gas was nitrogen at a flow rate of 16 ml Tifthe oven temperature was°80for the
column and 150°C for the injector and flame ionization detector. Ethylene was identified and its
concentration was calculated on the basis of the following stantiii®, Bologna, Italy): 3.5
ppmC;H,; and 5150 ppn€O,, 20.81% Qin Na. (Bregoliet al, 2002).

Flesh firmness (FF) was measured using a pressure tester (EFFE.GI, Ravenna, Italy), fitted
with an 8 mm plunger on the two opposite cheeks of each fruit, r&teoving a thin layer of
epicarp; soluble solids concentration (SSC) was determined with an Atago digitalomtrtet
(Optolab, Modena, Italy)oy squeezing part of the mesocatjratable acidity (TA) was
determined on 20ml of flesh juice (titrationwith 0.25 N NaOH) using a semiautomatic

instrument (Compaes$ Titrator, Crison, Modena, Italy).

2.2.3 Phenolic extraction and determination

Phenolic determinations were done following a protocol described previously by Andteotti
al. (2008).Briefly, frozen mesocarp samples were lyophilized and ground to a fine homogeneous
powder which was then extracted with 1 mmethanol containing-nethoxyflavone (0.025 mg
ml'* in methanol) as an internal standard.

Phenolic extracts were analysed by a Waters HPWatérs corp., Milford, MA, USA)
system with a Photodiode Array Detector (Waters 2996) and a remease SupelcoSif LC-18
HPLC column (15 ¢cm | ong, 4 mm internal di ame
diameter); following the methodologlescribed by Andreotét al. (2008).
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Phenolic compound identification was carried out through a comparison of retention time
values and UV spectra (detected between 210 and 560 nm wavelength) with authentic standards.
Phenolic compound concentrations, egsed in mg §dry weight (DW), were calculated from
calibration curves obtained with the corresponding external standards.

Standards for qualitative and quantitative determinations were purchased fyjora Si
Aldrich (St Louis, MO, USAwhereas methandipr liquid chromatography, and phosphoric acid
were purchased from Carlo Erba (Milan, Italy).

2.2.4 Gene expression analysis by Quantitative Reverse Transciffalgmerase
Chain Reaction (QRPCR)

Total RNA was extracted from mesocarp samples accotdirghanget al. (1993). RNA
yield and purity were checked by means of UV absorption spectra, whereas RNA integrity was
determined by electrophoresis in agarose gel
RNA using the TURBO DNA r e e E (A p pémis,edsterBlityp €Ay §SA). The first
strand c¢cDNA was synt hes iteated RNArbp mear® ofghg Highf t he
Capacity cDNA Kit (Applied Biosystems), using random primers.

Reattime RT-PCR was performed in a reaction mixture, final volume 25 , containing

of c¢cDNA, 5 pmol of each primer, and 12.5 ¢l of

Bi osystems) , according to the manufact-ureroés
TGACCTGGGGTCGCGTTGAA 3 6, sense) -TEBAATTGCAGAATCCCGTGBA
36 antisense), annealing to the Internal Tr an:

amplify the internal standard with peach samples. The ethylene andralated, and AOS,
NCED and bZIP primer sequences (Trainettal, 2007)are Isted in table 2.1.
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Table 2.1Sequences of oligonucleotides used in-teaé gRT-PCRexpression analysis

cr:]zrr]rt]'g Oligo name Sequence of oligo Contig annotation
64 ctg_64_for CCCCCATGCGCCACTCCA 1. Aminocyclopropand-
ctg 64 _rev CATCACTGCCAGGGTTGTMAG carboxylate oxidase (ACO1)
208 ctg_298 for  TGTTTCCTTTGATCTTGGCTGGTC bZIP transcription factor
Ctg_298 rev  AAGATGGGTTTGGGGATTTTGA
475 ctg 475 for  TGTTTCCTTTGATCTTGGCTGGTC
IAA -amino acid hydrolast
ctg 475 rev  AAGATGGGTTTGGGGATTTTGA
489 ctg_&89_for TGTTCAGCTCCCCGACTTTCAC 1 Aminocyclopropand-
ctg 489 rev TCTTGCGGCCGATGTTCACC carboxylate synthase (ACS1
1436 ctg_1436_for AACGCTATGCTTTGATGGTCTTGA Ethylene receptor (ETR
ctg_1436_rev  TCCCTTGCCCTCATTGACTCTTCT 1)
1993 ctg_1993 for  AAGAGCGGCACGTTTGAGGAGTT Auxin-responsive GH3
ctg 1993 rev CAATGCGGTAAAGATGGGCTAAAA family protein
2116 ctg_2116_for  AGGGGTTCGAGTTTGGCTTGGTA
Ethylene response factor
ctg_2116_rev  GTTTGGGTGGGAATGTCGTCGTC
2713 ctg 2713 for ~ GGGTGACTGAATCTGGGTTTG Transport intbitor
ctg 2713 rev  TGGTTGCCTTGGGTTCATTAT response 1 (TIR1)
2980 ctg_2980 for GGACGACGGGTACATAATGACTTT 9. cis epoxycarotenoid
ctg_2980_rev CCGTACGGGACCCTTGATGG dioxygenase (NCED)
3371 ctg 3371 for  AAGTGCAGGCCTGGATTACCC Tryptophan synthase
ctg 3371 rev  TAGGCCAGTGCATGAGAAGTC subunit (Wsynt)
3575 ctg 3575 for  ACAACCGCAATCTGGAAACAT indol-3-glicerot
ctg 3575 rev  TAGGCAATATCATCAGGAGTG phosphate synthase (IGPS,
3721 ctg 3721 for  ATGATGGCGGCTGGGAGGAACT PINLlike auxintransport
ctg_3721 rev TTGCTGGCCGCCGTGGTAAA protein
AOS F n/a GAGCTCACGGGAGGTTACAG
AOS (Homemade)
AOS R n/a CTGGAGTGGAACTCGGGTAG
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PCRs were carried out with the StepOnePlusE 7
95 °C and then for 40 cycles fdlows: 95 °C for 15 s, 60 °C for 15 s, and 65 °C for 34 s. The
obtained CT values were analyzed with th@&pe software by averaging three independently
calculated normalized expression values for each sample. Expression values are given as the
mean ofthe normalized expression values of the triplicates, calculated according to equation 2 of
the Qgene software (Mulleet al, 2002).

2.2.5 Statistical analysis

All data were statistically analyzed using a completely randomized design. The treatment was
the only factor (2 levels: MJ and control) for the majority of the analyzed parameters. For
ethylene production during shdife the factors were the treatment (2 levels: MJ and control) and
the ripening class selected (2 levels: climacteric and-cfioracteric); when significant
interaction occurred, the treatment factor was analyzed separately per each level of ripening

class. Mean separation analysis was performed by the Student Né¢emigrtest.

2.3 Results and Discussion

2.3.1 Exogenous MJ delagsach ripening

Destructive quality evaluations, carried out 2 and 7 days after MJ treatments (Tables 2.2 and
2.3), revealed that treated fruits had higher FF than contrthe datter evaluation datehile no

significant differences in SSC and ethylenergvobservedt either determination date

Table 2.2Effect of MJ treatments on main fruit quality parameters 2 days after treatment.

Treatment FF (kg cn?) SSC (°Brix) Ethylene (nl § FW HY
Treated 7.46 a 10.53 a 0.0000 a
Control 781a 1081 a 0.0000 a
Significance n.s. n.s. n.s.

n.s., not significant. Data represent mean values. In each coleamsfollowed by the same letter are
not statistically different (at 0. 05)
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Table 2.3Effect of MJ treatments on main fruit quality parameters 7 days after treatment.

Treatment FF (kg cn?) SS (°Brix) Ethylene (nl § FW h?)
Treated 6.54 a 1043 a 0.0005 a
Control 5.53Db 10.80 a 0.0000 a
Significance *x n.s. n.s

n.s., not significant**, significant difference at R0 0.01. Data represent meaalues In each column,
meandollowed by the same letter are not statistically different @ PO . 0 5)

Non-destructive(Table 2.4)evaluations showed that meé&mit 1ap exhibited a decreasing
trendduring the considered period in both treated and untreated frois 7 DAT on, meanab

was significantly higher in treated fruits as related to control ones.

Table 2.4Effect of MJ treatments on fruit maturatiday) measured with the DAneter.

Days after treatment

Treatment

2 7 11 14
Treated 1.584 a 1.215a 0.827 a 0.805a
Control 1570 a 0.929b 0.670b 0.666 b
Significance n.s. * ** *x

n.s., not significant*, significant difference at ® 0 . 0F00.01* Data represent mean values. In each
column,meandollowed by the same letter are not statistically different @ PO . 05) .

Diverse results have been reported concerning JA effects on ripetatgd parameters; in
fact, whereasnthocyanin accumulation is generally stimulated irtrdatedfruit (Rudell et al,
2002; Rudellet al., 2005), other ripeningelated parameters such as fruit FF and SSC may be
unaltered or differentiallaffected (GonzaleAguilar et al, 2004; Kondoet al., 2005; Ziosiet
al., 200&). In nectarines, MJ and PDigld applications reduced ethylene emission, softening
and color developmerasrelated tothe application timgZiosi et al, 200&). During peach and
nectarine ripening progrees, fruit 1ap valuesdrops abruptly along with the rise aimacteric
ethylene production anthe decrease of chlorophyll content in outer mesocarp of Stark Red Gold
nectarines4iosi et al, 200&). Thereby theobservededuction in softening antthe delay in hp

progressionconfirmthat MJ induces a ripening delay in peach fruit.
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2.3.2 Exogenous MJ mowi§ flesh phenolic composition without altering total

content

The phenolic compounds detected ffesh o f treated and wuntreated
belonged to two mai classes, cinnamic acids and flaag&nols; moreover, unidentified
compounds were classified as unknown. Cinnamic acid and fBxedrcontent in treated and
control fruits decreased during development and ripening. In treated fruit, phenolic
determination (Fig. 2.1) showed a significant increase of unknown compound contzahd¥
DAT without significant alterations of cinnamic acids, flas&ols or total phenolic content even

though they all tended to be lower in treated fruits at 11 and 14 DAT.
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Figure 2.1Effect of MJ treatments ofhesh anthocyanin eomposition. a, total phenols; b, cinnamic acids;
¢, flavan3-ols; d, unknown#**, significant difference at ©0.01.Bars indicate mea# standard error

The present results show that peachhflpeenolic composition is not significantly affected

by MJ treatmentsin contrast,MJ treatment stimulageanthocyanin biosynthesis in apples
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(Kondo et al, 2001;Rudellet al, 2002; Rudell and Mattheis, 200®each shoots (Saniewski

al, 199&) and ulip leavegSaniewsket al, 199&), enhancgeach skin color formation (Janoudi
and Flore, 2003xndreduceflesh phenolic conterdf peachesluring cold storagéMenget al,
2009) It should be considered that the mainenolic compound accumulation peach fruit
occurs inthe skin while flesh accumulates phenolicgly at early stages of development and
their concentration decreases during development (Andetctti 2008)

2.3.3 Exogenous MJ alters the expression pattern of ethydtaied gens

Transcription pattern of ethylene related genes wisrentially affected by Mdreatments.
In control fruit, transcript levels of ethylene biosynthetic genes (ACO1 and ACS1; Fig 2.2)
showed an increasing trend from O to 14 DAT; in-tvkhted fruit, A®1 expression was
transientlyinhibited according to thiigher hp values whileACS1 transcript accumulation was
initially inhibited and then enhanced; this could be due to a recovery in ethylene synthesis which

follows MJinduced inhibition.
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Figure 2.2 Effect of MJ treatments on ethylene biosynthetic genes transcript levels. a, ACO1; b, ACS1.
** significant difference at ©0.01; ***, P 00.001.Bars indicate mea# standard error.

Regardingthe ethylene receptoETR2 (Fig. 2.3a), control fruits showed a peak at 7 DAT
while treated fruits did not exhibit any peak and had a rising trend until 14 DAT according to a
ripening delay. Finally, the expression trend the ethylene response factBRF2 (Fig. 2.3b)

increased at ripening and was similar for both treatments; only a slight increase in ERF2
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transcript levels was observed on days 7 and 11 in treatedPrentious workshowed that ERF2
strongly respond to NAA and ethylen&réinotti et al, 2007).This is in agreement with the
possible incease in I1AA levels (see below) in Mikated fruits.
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Figure 2.3 Effect of MethylJasmonate treatments on ethylene perceptioresgéranscript levels. a,
ETR2; b, ERF 2** significant differerceat PO 0.01; ***, P O0.001.Bars indicate meatt standard
error.

Present data showhat MJtreatments reduce transcript abundance, though transiently, of
ethylene biosynthetidcpACOlandPpACS) and perceptionRpETR2 genesvhich arestrongly
induced during ripeningTfainottiet al, 2006). The transient reduction BpACO1 PpACSland
PpETR2transcriptlevels may in part account for the reduction in softening and the delay in |
progressiornin JA-treated fruitas theyremained at basal levels, until 7 DAT, typical of system 1
of ethylene biosynthesis (Baret al, 2000). At both harvestdl and 14 DATa recovery in
PpACO1 PpACSland PpETR2transcriptamountoccurred,which reached and everovercame
controllevels which areompatible with system @f ethylene biosynthesi# similar pattern was
found by Ziosiet al. (2008) in nectarines where MiJeated fruits delayed the rise in climacteric
ethylene production by a delay imetaccumulation dPpACO1transcript, thus delaying ripening.
The observed rise in ACS1 transcripts t@ndue toan increase in auxin levels (see below), as
recently demonstrated by Traincgti al. (2007) auxin treatments fact up-regulated ACS1 to a
higher extent than ethylene. In the present stuygylelvels remainedhigherin MJ-treated fruits
at both harvests suggesting that fruits were less ripe, probably because of a delayed initiation of

climacteric ethylene production.
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2.3.4 Exogenous MJ alte transcript levels of auxin biosynthesis and perception

genes

Auxin-related gene expression was also differentially altered by exogenous MJ applications.
In control fruit, transcript levelsdf ypt ophan synt hg,sbkichisin®irdd inn i t
the tryptophardependent IAA biosynthetic pathway, showed a peak at 7 DAT (Fig. 2.4a); in
treated fruit, gene expression was mostly enhanced, in particular at ripening when it was more
than doublerelative to controls. In controlsranscript amount olGPS (indole3-glycerol
phosphate synthase), involved in the tryptophan independent IAA biosynthetic pathway (Fig.
2.4b) did not showsubstantial changes, aras for W synt transcript profile,MJ treatment
enhanced gene expression especially at ripeilinig pattern suggestspassibleincrease inAA

concentration in treated fruit.
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Figure 2.4 Effect of MJ treatments on ethylene biosynthetic genes transcript levels. a, W synthase; b,
IGPS.**, significant difference at ©0.01; ***, P 00.001.Bars indicate mea# standard error.

Expression of GH3 (IAAamino acid syntha¥ea member of a gene family that conjugates
amino acids to IAA $taswicket al. 2005 in Woodward and Bartel 200&hd likely serves to
dampen the auxin signal by inactivating IAA via conjugatishpwedincreasng levels until
ripening in control fruits (Fig. 2.5a). MJ only depleted transcript accumulation on day 7
suggesting a transient increase in I1AA levels. Transcript deotla gene responsible for 1AA

releasing from conjugates, IAAmino acid amidohydrolase (Bartel and Fink 19%howeda
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peak on day 7 (Fig. 2.5b). In Mdeated fruit gene expression wastially decreased but
subsequently enhancédthersuggesting amcrease in I1AA levelst ripening
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Figure 2.5 Effect of MJ treatments on: a, IAamino acid synthase; b, and lAgmino acid
amidohydrolase**, significant difference at RO 0.01; **, P O0.001.Bars indicate meat: standard
error.

Messenger RNAdvels of a putative TIR1 gene, coding forauxin receptor (Dharmasieit
al. 2005), and of PIN1, a putative auxin efflux facilitator protein (Papatal. 2005) increased
during the considered period until ripening (Fig. 2.6). Intk&ated fruit, accomulation of both

transcripts washibited on day 7; at ripening no significant differences were detected anymore.
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Figure 2.6 Effect of MJ treatments on: a, TIR1; b, PIN%*, significant difference at RO0.001.Bars
indicate meart standard error.
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IAA biosynthesis, metabolism and transport together ensure that appropriate auxin levels are
in place to orchestrate plant developmedntesent data suggest that MJ induces a substantial
changein auxin metabdism, possibly leading to increaséibsynthesisin RedHaven peaoss,
though its perception and transport appear only transiently affdcteghening nectarine, the
pattern of conjugate releasing and synthesizing genes suggest a possible increadevial$sAA
accord with the expressiai IAA synthesizing geneflrainottiet al, 2007). Significant increase
in IAA content concomitant with climacteric ethylene production has been measured in
RedHaven peaches (Milleet al, 1987).Trainotti et al. (2007) shaved increasing 1AArelated
genetranscription during ripening along with climacteric ethylene production. In contrast, our
data shows increased IAA biosynthesis and metabolism even though ripening is delayed as
deduced by quality parameters and &hgrelated gene transcription (see above). Hetius,
suggest that MJ might have a direct effect on IAA biosynthesis as deduced by the enhanced
expression of W synt and IGPS 2 DA&Bncomitant with a repression of ethylene biosynthesis
whereas at 11 a@nl4 DAT the enhanced expression of ethylene and awogosis concomitant

with a higter ethylenerelated gene transcription.

2.3.5 Exogenous MJ alters the expression of other ripemr@laged genes

Other genes whose expression is altered during ripevénganalyzed allene oxide synthase
(AOS), bZIP and9-cis-epoxycarotenoid dioxygenasd@ED). In control fruit, the expression of
bZIP transcription factor increased towards ripening (Fig. 2.Ta).MJXtreated fruits, an
increasing trend ibZIP gene expession occurredut delayedas comparedith controlfruits

NCED gene encodes for a key enzyme in the ABA biosynthetic pathway and its transcript
levels correlate to ABA levels (Schwartz and Zeevaart, 201®.potential contribution of ABA
to the indution of fruit ripening wasdemonstratedn relation to ethylene in peach and grape
(Zhanget al. 2009). PpNCEDtranscript levels increased at ripening in control fruit. MJ did not
affect NCED expression (Fig. 2.7b) except at day 7 when it was totallytelgpitetreated fruit
suggesting a decrease in ABA synthesis which is consistent with the lower ethylene production
and the higherab.

AOS, a cytochrome P450 of the CYP74A family, is the first specific enzyme and the major
control point of the JA biosyn#tic pathway (Haga and lino, 2004n controls, AOS showed a
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low level of expression and its transcript levedsillateduntil ripening (Fig. 2.7c). MJ positively
affected AOS expression especially on day 7 in line with the known positivdéadegudtion

of the AOS enzyméKubisteltig et al, 1999 and this upregulation is probably associated with
an increase in JA production in treated fruit. pfevious study showed that, in 3&eated
nectarine in planta, an increase in AOS transcript levels wrtand was associated hwian
increase in endogenous jasmonic acid concentration 1 day after treatmenrgt(Zip 2008&).

AOS gene expression is developmentally regulat€dbigsteltig et al, 1999, and its
message is upegulated in response to waling and treatments with JAs in leaves of
Arabidopsis tomatoand tobacco (Laudert anleiler, 1998; Howeet al,, 2000 indicating thata
positive feedback regulation in JA biosynthesis octeading to an amplification of tHermone
signal (LauderandWeiler, 1998).
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Figure 2.7 Eﬁpct of Methy}Jasmonate treatments on: &IP; b, NCED; c, AOS.** significant
difference at R©0.01; ***, P O0.001.Bars indicate mea# standard error.
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In peaches, NCED genes are expressed only at the beginning of ripening when ABA
accumulation is high, and precede the climacteric increasthylene production; once ABA
starts to decrease, ethylene levels rise (Zlerad, 200%). MJ treatments strongly counteracted
the rise in NCED gene expression, suggesting a slowing down of ripening that correlates with the
reduced softening and de&y progression ofap found in the present study. Trainoét al.

(2006) found in peaches that bZIP is a transcription factaegplated in the S3 to S4 transition
stage. In Mdreated fruits, bZIP remained at basal levels until harvest in accordaticehei
ripening delg effect found by quality traitassesments. Peach as well as other species
accumulates JAs at ripening (Fanal, 1998; Kondoet al, 2004; Ziosiet al, 200&) and this is
associated to higher transcriptionRpAOS1Ziosi et al. (20089 showeda stimulationof AOS
transcripts and an increase in JAs soon after the treatment antatiestecreased during the
considered time span; however, in this study, AOS transcript remained at a plateatreatbtd

fruits while it transiently dereased in controls.

2.3.6 Preharvest MJ application negatively affects sHigdf

Ethylene production during shdife of treated and untreated fruits, divided in two groups of
fruits by means of the DAneter (norclimacteric: 0.91.2 Iap; climacteric 0.3-0.6 IAD), is
presented in fig. 2.8. For both classes of fruits-tMatments resulted in a higher ethylene
production compared with controls throughout sthiédf Ethylene production in treated non
climacteric fruits arrived to similar amounts thantreated climacteric fruits after 60 hours of
sheltlife; while treated climacteric fruits produced more thafold the ethylene produced by

untreated climacteric fruits after the same time.
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Figure 2.8 Effect of MethytJasmonate treatments on IéHige ethylene production of nedimacteric
and climacteric fruits selected by the Bveter.*, significantdifferenceat POO0.05.Bars indicate meas
standard error.

Sheltlife ethylene production data are in contrast wsthme reports suggestinghat MJ
treatmentscan extend fruit shelflife (PefiaConéz et al, 2005) and protect thermagainst
pathogens and chillingnjury (Yoshikava et al, 2007) bydelaying ripening and ethylene
production, and wpegulatingdefenserelated enzymeactivities In this study thedifferential
accumulation oéthylenerelated(mainly ACS andeETR2) and auxin biosynth& genetranscript
at hanest probably led to an increased ethylene production duringlgbelfhich negatively
correlates with fruit shellife. This suggests that ptearvest MJ treatmesihave to be regarded
with caution in order to prevent undesired poatvest effects.

In conclusion, JAtreated fruit confirms the dowregulation of crucial ripeningelated genes,

in agreement with the delayed progressiomnef |
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3. PRE AND POST-HARVEST ABA APPLICAT ION
INTERFERES WITH PEACH AND NECTARINE FRUIT
RIPENING

3.1 Introduction

Abscisic acid (ABA), awelk nown pl ant hor mone, first di s
names of either abscissin or dormin in young cotton fruits and in dormant buds of sycamore,
plays key roles in seed and organ dormancy, plant responses to bicaisiaintistress and sugar
sensing (Schwartz and Zeevaart, 2018BA biosynthesis requires the cleavage ofoC
carotenoids to form itdirect precursor(Nambara and Mario®oll, 2005). This process,
catalyzed by the-8is-epoxycarotenoid dehydrogenase eney(iKCED),is the mainratelimiting
step in ABA biosynthesijsin fact, alterations in NCED activitin deficient maize and over
expressing tomato mutantsad toreducel or enhance ABA accumulation, respectively (Taat
al., 1997; Thompsost al, 2007).

ABA is alsoinvolved in developmental processesluding fruit development andipening

(Zhanget al, 2009 andb). In fruits, ABA content is low during fruit developmemicreases
towards ripeningand decreases prior to harvest and senesc¢medo aml Gemma, 1993;
Richardson and Cowan, 1995; Kondo and Kawai, 18@®doet al, 2001a,Wanget al,, 2007
Zhanget al,, 2009aandb). In climacteric fruits, ABA accumulation precedes climacteric increase
in ethylene productionZfhanget al.200% and b. Several studies demonstrated that exogenously
applied ABA accelerates ripening of diverse specie®iityancingcolor developmen{Kondo
and Gemma, 1993; Jiang and Joyce, 2003; Cantél, 2007; Wanget al, 2007;Peppiet al,
2008), anthocyanin accumtilzn (Kondo and Gemma, 1993; Kondo and Kawai, 1998; Jebng
al., 2004; Wanget al, 2007; Peppét al,, 2008), flesh softening (Jiang and Joyce, 2003; Petppi
al., 2007), sugar accumulation (Kojinedal,, 1995; OfostAnim, 1996; Kondo and Kawai, 1998;
Ofosu-Anim, 1998; Kobashet al, 2001; Jeongt al, 2004) ancchlorophyll degradation (Wang
et al, 2005).

In the present work, peach was chosen as a model to shed some light on the physiological role
of ABA during fruit ripening and shelffe, and thereciprocal relationship between ethylene and
ABA. The natural occurring ABA was applied to peach fruit at S3 and S3/S4 developmental

stage under field conditions and in pekarvest to fruits differing on their maturity stage, and the
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following were analged: (i) ethylene production, fruit ripening and qual§) posthavest
behavior andiii) stem water potential

3.2 Materials and Methods

3.2.1 Plant material and experimental design

In field preharvest ABA treatments

Trials were conducted at the Snna experimental field of the University of Bologna and at a
commercial orchard in Faenza, in Italy, and at the Kearney Agricultural Center of the University
of California Davis, USA, on fifteen year old nectarine treesufus persica.. Batsch), cv.
Stark Red Gold, grafted on seedling rootstock, seven year old peachRraasq persica..
Batsch) cv. Flaminia grafted on GF677 rootstoBkuus persicax Prunus amigdalys and
el even year ol d peach trees Prunus @@EdMePPr y on
davidiang, respectively. In all sites, twenty trees were randomly selected for their size and fruit
load uniformity; in Italian sites, half of them were treatdmid-S3 growth stage and the
remaining at S3/S4 transition stage; in the North Acaer sitel0 treeswvere treated at the end of
S3 and at the S3/S4 transition stage. Treatments inch@@@gpm ABA (Valent Biosciences) or
water sprayqcontrols) Fruit growth and ripening evolution was followed after treatments. At
harvest, the mainfiut qual ity parameters wer e -dasvaters sed.

potential was determined periodically after treatments.

Postharvest ABA fruit dipping

Two hundredd St ar k Red GPBrundspersicelc Baisah)i were barvésted from
fifteen year old nectarine trees grown at the S. Anna experimental station of the University of
Bologna (Italy), and organized in diffnt ripening classes (Table Bdsdetermined by means
of the DA-meter. Half of the fruits in each class were dipped eithea 5 ppm ABA (Valent
Biosciences) solution or water, left to ripen at controlled temperature (20°C), and after 5 to 9 days
of sheltlife, the main quality parameters were evaluated. Also, ethylene production was followed

in fruits belonging to two difrent ripening lasses (1.-3.9 and 0.8.5 lap) after the treatment.
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Table 3.1 ABA dipping treatments in fruits at different developmental stages belonging to diffggent |
classes

Ripening Stage |ap-class Treatment Sheltlife duration
_ . . 5 ppm ABA
Non-climacteric 1.67 1.4 9
Water
) ) . 5 ppm ABA
Non-climacteric 1.37 0.9 5
Water
) ) . 5 ppm ABA
Non-climacteric 1.27 1.0 9
Water
. . . 5 ppm ABA
Onset of climacteric 1.07 0.8 9
Water
_ _ . 5 ppm ABA
Climacteric 0.81 0.5 5
Water

3.2.2 Quiality trait, ethigne and xp determination

The main fruit quality traits, flesh firmness (FF), soluble solids content (SSC) and titratable
acidity (TA), as well asdp and ethylenavere determined as previouslgscribed in point 2.2.2,
with slight differences in the brds or models of the equipment used to assess SSC, FF and
ethylene.Also, in the North American triagkin color as determined by*, C* andH° color
spacewas assessed using a Minolta-G80 colorimeter (Minolta, Osaka, Japdny) measuring
the two oppose cheeks of each fruiL* is the lightness and corresmisnto a blackwhite scale
(0, black; 100. White), Hfs the hue angle on the color wheel, and C* is the chrenmaeasure
of color intensity, which beginwith zero (achromatic) and increases wiitiensity (McGuire,
1992).

3.23 Tree water status evaluation

Midday stem water potentialdj of ABA-t r eat e d and untreated (
measured using a Scholander pressure chamber (Soilmosture Equipment Corp., Santa Barbara,
CA, USA), on 3 basal leageper tree, twice a week, following the method described by
McCutchan and Shackel (199Zprior to excision and measurement,es were enclosed in
aluminum foil-covered plastic bags on the tree for at least one hour to allow equilibration with

the stem.
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3.24 Statistical analysis

All data were statistically analyzed using a completendranmi zed desi gn. For

Red Golddéd and 60O6Henry6 trials 2 factors were

control) and the treatments date (2 level s:
treatment was considered as a fa¢®levels: ABA in S3, ABA in S3/S4 and control). For post
harvest dipping the treatment (2 levels: ABA and control) and ripening class (2 level€.8.5

and 0.9- 1.3 for 5 days of shelife; and 3 levels: 0.8 1.0, 1.0- 1.2 and 1.4 1.6 for 9 day®f
sheltlife) were considered. When significant interaction occurred, the treatment factor was
analyzed separately per each level of treatment date or ripening class,-farnmst and post
harvest treatments, respectively. Mean separation analysispedgrmed by the Student
NewmanKeuls test.Pearson correlation analyses were performed to evaluate the relation

between main quality parameters with {#eter analysis.

3.3 Results and Discussion

3.3.1 Field ABA application increases fruit size anah slalor intensity

The effects of prédnarvest ABA treatment on peach and nectarine fruit quality @hiarvest
arepresented in Tables 3t@ 3.6. In ¢~laminiadpeaches andtark Red Goldnectarines, mikb3
treatments significantly increased fruit igiet without altering FF, SSC or TA asmpared with
controswhi | e S3/ S4 treatments had no ef ftreaetl s on
fruits in both stagesxhibited higher color intensity as determined by lower values of L, C and H°

at both teatment dates.

Table3.2Ef f ect of ABA treat ments on the main quality

Treatment FF (kg cnf) SSC (°Brix) TA (g I Weight (g)
Control 4.56 a 9.06 a 6.13 a 235b
S3treated 4.75a 9.40 a 6.86 a 266 a
S3/S4treated 492 a 9.06 a 7.13 a 255 ab
Sgnificance n.s. n.s. n.s. *

n.s., not significant; *, significant difference at® o. .D@taSreQresent mearalues In each column,
meandollowed by the same letter are not statistically different @ PO . 05 ) .
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Table 3.3 Effect of ABA treatmentgarried ouin midS3 on 6 St ar k Red Gol doé
harvest.

Treatment FF (kg cn¥) SSC (°Brix) Size (mm) Weight (g)
Control 5.05a 140a 67.0a 177 b
Treated 5.04 a 139a 68.6 a 196 a
Sgnificance n.s. n.s. n.s. *

n.s., not significant; *, significant difference at@®® 0. D&t&b represent mearalues In each column,
meandollowed by the same letter are not statisticdifferent (atPFO 0. 05) .

Table 3.4Effect of ABA treatmentgarriedout n S3/ S4 transition on 6Star

traits at harvest

Treatment FF (kg cn¥) SSC (°Brix) Size (mm) Weight (g)
Control 6.37 a 13.0a 68.1a 183a
Treated 6.02 a 13.2a 67.2a 176 a
Sgnificance n.s. n.s. n.s. n.s.

n.s., not significantData represent meamlues In each columnmeansfollowed by thesame letter are
not statisticallydifferent (atPO 0. 05) .

Table 35 Effect of ABA treatmentgarriedoui n | at e S3 on 60O6Henryd peach
Treatment laD FF (kgcnf)  Weight (g) SSC (°Brix) L C H°
Control 1.00 a 5.95a 242.0a 10.7a 56.6a 39.8a 605a
Treated 1.10a 590 a 236.4 a 10.3a 53.2b 379b 54.0b
Sgnificance n.s. n.s. n.s. n.s. o *x *x

n.s., not significant; **, significant difference at® 0. Dé&alrepresent mearmlues In each column,
meandollowed by the same letter are not statisticdifferent (atPO 0. 05) .

Table 3.6 Effect of Abscisic acid treatmentarried outi n S3/ S4 on O6O0O6Henryb
harvest.

Treatment laD FF (kg cnf) Weight (g) SSC (°Brix) L C H°
Control 1.18 a 6.04 a 238.8a 11.2 a 585a 404a 675a
Treated 1.13a 5.72a 247.7a 11.2a 53.8b 38.1b 57.8b

Sgnificance n.s. n.s. n.s. n.s. ** *x *x

n.s., not significant; **, significant difference at® o. .D@talrepresent mearalues In each column,
meandollowed by the same letter are not statisticdifferent (@t PFO 0. 05) .
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Relatiors between traditional quality parameters aggli n 6 O6 Henr yd peaches
in figure 3.1. The index correlatedegatively with ethylene production=-0.701) and positively
with FF and flesh hue angle (H50.874 and0.950, respectively). No correlations were found
with SSC, or other color parameters (skin L*C*H* aftelsh L*C*). This results suggest that
fruits with low Iap present lower firmness and flesh H° and produce more ethylene than fruits
with higher hp, suggsting tha they are riper. Thiglatg together with those of Ziost al.
(2008), further support the validity of thead as a reliable maturity index for peach and

nectarine fruits.
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W | ] - 4 -
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Figure 3.1 Correlation betweensh measurements with ethylene guation (a), FF (b) and flesh®Hn
Ob6 He nr y rpPeaasontcerrelation coefficierit*, linear correlatiorsignificatat P O 0. 001

Thus, under present experimental conditions;hamest ABA applicatiommainly influences
fruit weight and skin calr. Present data are in accord witteyious literaturevhich reports that
exogenous ABA affected fruit growth in peach (Kobasthal, 1999)andcolor development in
litchi (Jiang and Joyce, 20Q3weet cherrfKondo and Gemmal993 and grapegPeppi ¢ al,

2008. In peachesfruit growth is sustained by about 308 phloem and 70 %y xylem inflows
50
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while transpiration accounts for 85 % of total inflows (Morandet al, 2007a).Transpiration
enhancecarbohydratend wateimports thus enhanng fruit growth (Morandiet al, 2010a) as

it generates a pressure gradient that favors passive phloem unloading and water intake (Morandi
et al, 2007) The fact that ABAtreated fruitare larger than controls but fa the same SSC
content suggests thABA enhances fruienlargemenby inducing both water and carbohydrates
uptake In fact one of the documentesffectsof ABA concerngphloemcarbohydrateinloading
(Ofosuanimet al, 1996; Ofostanimet al, 1998 Kobashiet al, 2001; Pengt al, 2003; Paret

al., 2005; Paret al., 200§. Regarding color improvement, previous studies with exogenous ABA
treatments showed skcolor enhancement in grapdeppiet al, 2007; Peppet al,, 2008, litchi
(Wanget al, 2005; Wanget al, 2007, strawbermes (Jiandand Joyce, 2003) and sweet cherries
(Kondo and Gemma, 1993lue toanthocyanin accumulation and/or chlorophyll degradation.
However,under presentonditions ABA treatments induced leaf abscission and, tinseased
light penetrationinto the canopyln our study, the increased light penetration could account for
the improved fruit color sincthe development of anthocyaniriee pigment responsible for red

color development in the peaskin, is greatly influenced by solar radiation (Loretial, 199B).

3.3.2 Postharvest ABA treatments alter ripeninglated parameters

The effect of posharvest ABA treatments on shdifie ethylene prduction is presented in
figure 32. In climacteric fruits (Ao between 0.8.8), ethylene production was greathhibited
by ABA dipping after 2 and 5 days of shdife, and treated fruits prodwed ~20 % of the
ethylene produced by controls. In Rolimacteric fruits (0.91.3), there were no significant
differences in ethylene emission between treatments thetlglene productiortended to be
lower in ABA-treated fruits at 1 and 2 days of sHé#.
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Figure 3.2 Ethylene production during shelfe after postharvest ABA dipping. a, 0:68.8 lxp; b, 0.91.3
Iap- *, significantdifferenceat POO0.05; **, P O0.01.Bars indicate mea#f standard error.

As far as quality traits are concerned, two situations were folmiol€s3.7 and3.8). After 5
days of sheHife, no significant differences in FF, SSC and Twere recordedbetween
treatments wite FF and TA were significantly different between climactéfics-0.8 1ap) and
nonclimacteric fruits(0.9- 1.3 Iap). After a longer shelfife period (9day9, ABA-treated fruits
exhibited higher SSC and similaaluesof FF and TA in all ripening class as compared to
controls while FF and TA were significantly different between ripening classes with less ripen
fruits (Iap between 1.41.6) presenting the highest TA and FF, the intermediate clasisefiween
1.0-1.2) exhibiting intermediate TA, and diar valuesof FF than the ripest fruits {3 between
0.8-1.0); the latter one also had the lowest TA.

Table 3.7 Effect of postharvest ABA treatments on fruit quality traits after 5 days of dielf

Treatment FF (kg cm3) SSC (°Brix) TA (g I
Cortrol 1.65a 13.1a 11.7a
Treated 1.73 a 12.9a 116a
Significance n.s. n.s. n.s.

lap Class

0.5-0.8 1.08 b 131a 110b
0.9-1.3 2.28a 12.9a 122 a
Significance *rx n.s. *

n.s., not significant; *, significardifferenceat PO 6;.*§ P 00.001 Data represent measlues In
each columnmeandollowed by the same letter are not statisticdifjerent (@tPO 0. 05) .
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Table 3.8 Effect of postharvest ABA treatments on fruit quality traits after 9 days of difelf

Treatent FF (kg cn?) SSC (°Brix) TA (g
Control 0.90 a 12.8b 10.6a
Treated 0.99a 140a 10.3a

Significance n.s. *x n.s.
Iap Class
0.81 1.0 0.63 b 12.9a 9.0c
1.07 1.2 0.69b 13.7a 10.2b
1471 1.6 1.53a 136a 12.2a
Significance i n.s. el

n.s., not significant; **, significant at ® 0. .Datd represent meavalues In each columnmeans
followed by the same letter are not statisticdilferent (@atPO 0. 05) .

Recent reports indicate that pdstrvest ABA treatments induce ethylene production and
enhance ripening of peachieg triggering ethylene productiomhereas fluridone, an inhibitor of
ABA synthesis, inhibits ethylene production and delays ripening (Zlengl, 2009b) In
contrast, our data shows that ethylene production is mainly inhibited by ABA treatments
especially in éimacteric fruits (0.5< Ap< 0.8)whereas SSC is enhanced by the treatment after 9
days of sheHife. Thisopposite effect could be due to the ripening stage of the fruits used, which,
in our experiment, were at the onset of ethylene production or algradycing ethylene; thus
ABA seems to intefere with ethylene production oncebitsynthetic machinery iactive. In
apples, Kondoet al. (2001b) found that posharvest ABA treatments enhance ethylene
production in preclimacteric, climacteric and paestimacteric fruits, with a greater effect in the
more immature fruitsBorsaniet al, (2009) found thain ABA-treatedpeaches SSC remained
unaffectedafter harvest. In our studyccording to the literature, the main effect of ABA
concerned8SCwhich during shelflife remained higher in treated fruiss compared with control

ones.

3.3.3 Field ABA applications modify stem water potential of peach trees
Mid-day stem( is presented in figure 3.Both control and treated trees showed a similar
patiern after treatments; in the late S3, st@rdecreased from 1 to 11 DAT as a consequence of

soil water depletion due to tree transpiration, then it increased due to irrigation, and finally it
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decreased again until 17 DATn the S3/S4, there were no magdranges in sterf between
measurement dates. AB#eated treesshowed higherlevels of stem throughout the

experimental period

Figure 3.3 Effect of preharvest ABA treatments done at 88 (a) andS3/S4 transition (b) stages on
stemd. **,signi fi cant

potential measures the tendency of the water to move through theasdhir continuum, thus
provide a sensitivéndicator of daily and seasonal changes in plant water stBtake et al.,
1996; Williams and Araujo, 2002Naor and Cohen, 20D3Chonéet al. (2001) indicatedthat
stem( is the first indicator of water stress in fieggown grapevinedn the latteywater potential
correlatel with irrigation treatmentsanddeficit irrigated plants tdlower ( values as compared
with well irrigated plants (Williams and Araujo, 2002)hus, the higher stenq] exhibitedin
treated tres suggests that they have transpitess water tharcontrol plants.These results
correlate with the welknown role of ABA in stomatal closure as demonstrated in ARficient
mutants andby exogenous ABA treatments in diverse spedieshi et al, 2001; Qin and
Zeevaart, 2002 et al, 2004; Thompsoret al, 2007;Ma et al, 2009. The differences in tree

transpiration ratebecame evidensoon after the treatmenn fact, differences in steld wer e
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In conclusion, both prbarvest and postarvest ABA treatments lead to larger, steg and
more colored frug This is supported by the finding that ABfeated peach trees retain more

water. New perspectives are open for the afSABA under field conditions
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4. ABA AND PDJ TREATMENTS DURING FRUIT
DEVELOPMENT IMPROVE KIWIFRUIT QUALITY

4.1 Introduction

The kiwifruit berry accumulates large amounts of carbon as starch during fruit development
(Walton and De Jong, 1990). Its quality has been classically defined in terms of dry matter
accumulation as it correlates with starch contemtd@net al, 2000) and ripe fruit soluble solids
(Burdonet al, 2004). However, the quality dfierecent kiwifruit cvs Hort16A and Jintao, of the
specis Actinidia chinensis,is defined in terms of flesh color progression as they are
characterized by thdevelopment of a bright yellow flesturing ripening (Montefioriet al,

2009).

During kiwifruit development three main stages of sugar metabolism occur: cell division,
starch accumulation and fruit maturation (Richardsbal, 2004). In the first sge, most of the
carbon is allocated to structural components, fruit RGR is at its maximum and sucrose synthase
(SuSy) activity prevails over invertases. In the second period, a large portion of carbon is
allocated as starch, which abruptly rises at ab&8ubDAFB, following the peak of glucose, and
rises rapidly towards 120 DAFB. The final period, that starts 120 DAFB with the stop of starch
accumulation, marks the onset of ripening which is followed by rapid starch degradation
(Moscatelloet al,, 2011). Salble sugar concentrations peak during cell division, declines during
starch accumulation and increases again towards maturation, when accumulated starch is
hydrolyzed into sugars (Nardozetal, 2010).

Within the genudActinidia a range of fruit color ccurs, including green, red, purple, yellow
and orange (McGhie and Ainge, 2002). This difference in color between fréitsleficiosaand
A. chinensisis due only to the degradation of flesh chlorophyll in the lattercamang ripening,
as there are ndifferences in carotenoid composition (McGhie and Ainge, 2002; Nishiyata
al., 2008; Montefioriet al, 2009).

JasmonategJAs) and abscisic acid (ABA)are plant growth regulators that medigbéant
responses to stress and are involved in fruit devedmt and ripening (Wasternack, 2007; Zhang
et al, 2009a; Schwartz and Zeevaart, 2010). Exogenous application of either one has
demonstrated to alter color developmemthocyanin synthesishlorophyll degradatiorsoluble

solid accumulatiomndsoftenng in severalpeciedKondo and Gemma, 199Banet al, 1998l
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Kondo et al, 2001b; Kondeet al, 2002; Jiang and Joyce, 2003; Koretoal, 2005a; Wanget
al., 2005 Wanget al,, 2007;Peppiet al, 2008 Ziosiet al,, 2008a)

As Kiwifruits are lateseason fruits,réiit growers pickhem asearly as possible to avoid frost
and bad weather conditions (Beever and Hopkirk, 19808)ever, this practice can incur in
harvesting immature fruits with poor color, flavor and shelf life that will never reaexeellent
eating quality (Tromp, 2005).For this reason, exogenous ABA and JAs were used in both
Actinidia deliciosaand Actinidia chinensido further shed light on their role in threontrol of

ripening and harvest timing.

4.2 Materials and Methods

4.2.1 Plant material and experimental design

Actinidia delicosa: preharvest ABA treatments

The trial was carried out during two consecutive sea$2®89 and 2010at the S.Anna
experimental field of the University of Bologna, Italy, orydas old kiwifruit (Actinidia
deliciosa[A. Chev.] C.F. Lianget A.R. Ferguson vardeliciosg c v . OHaywar doé vi
under a Thar system. In the first season, two types of experiments were carried out by spraying
either water or a 500 ppm ABA {§)-abscisic acigdValent Biosciences, Libertyville, IL, USA)
solution to 5 randomly selected vines or to 20 girdled branareomly selected from 5 vines.
In the second season, 24 girdled branches randomly selected from 4 vines were sprayed with 500

ppm ABA or water atlifferent stags of fruit development (Tabled.
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Table 4.1 Scheme ofActinidia deliciosatreatments.

Trial Season Plant Material Treatment dafe Treated unit
Full vine 4 MAFB 5 vines

2008-2009 ] .
Girdled branches 4 MAFB 20 branches (5 vines)
1 MAFB 24 branches (4 vines)
_ 2 MAFB 24 branches (4 vines)

2007 2010 Girdled branches ]
3 MAFB 24 branches (4 vines)
4 MAFB 24 branches (4 vines)

Y MAFB, months after full bloom.

The girdling procedure was performed by removing with a knifexarésection of phloem of
well exposed branchethat had at least 4 fruitthe day before the treatments; afterwards,
branches were arranged to obtain a ftoiteaf ratio of 2 by pruning and removing exceeding
leaves.Treated fruit werdnarvested about monts after full bloom MAFB), after achieving the
industry requirements, and main quality parameters were evaluated; also, a fruit(§@nfiplés
per treatmentjvas stored at 1°C for 2 momthnd quality traits were assessed. In additioriull
vines gas exchange parametersd water use efficiencywere evaluatedh 2009,the treatment
day, and 1 and 2 days aftdre treatmenand in girdled brancheghe treatmentlayand the day

after.

Actinidia chinensis: prdrarvest ABAand PDJtreatments

Trials were carried out during two consecutive seas@@®0932010) at the S.Anna
experimental field of the Uwersity of Bologna, Italy, on 2 to-@ear old gold kiwifruit Actinidia
chinensisPlanch. var. chinensis} v . O®J vined temined under a GDC systein. both
seasons, 15 plants were randomly selected to be sprayed with 500 ppm ABA (Valent
Biosciences), 200 ppm POBine Agrochemicals Limited, Worcester, UkKyr water(controls)
at the beginning of yellow flesh color development in gold kiwifruits (#e2ks before harvest).

Fruits were harvested following industry requirements in both years, and mainufalittyq
parameters were assesskthreover, in the first yeag delayedharvest wagarried outl week
afterthe commercial one. Finally, in bo#ieasons, a fruit samp{é0 fruits per treatmentyvas

stored for two months at 1°C to evaluate further changes in fruit quality traits.
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Actinidia chinensis: pogharvest ABAand PDJdipping

Thr ee hund® gold kivafrdiiis wereahardested fromwo-yeass old Kiwifruit vines
grown at the S. Anna experimental station of the University of Bologna (Italy) and distributed in
the different treatments (50 fruits each) thainsisted in dmin fruit dipping in the following
solutions: 20 ppm ABA (Valent Bsciences), 200 ppm ABA, 20 ppm PHng Agrochemicals
Limited), 200 ppm PDJ, 20 ppmBM» plus 20 ppm PDJ, or in wateAfterwards fruits were
taken to a storage cell and stored at 1P€iit quality traits were evaluated on 20 fruits per
treatment aftervvo monthsof storage.

4.2.2 Quality traits andap determinations

The main fruit quality traits such aftesh firmness (FF), soluble solids content (SSC),
titratable acidity (TA) fleshcolor (Hue angle, Hf and dry matter (DM) coent were determined
FF, SSC and TA were measured as previowgcribed in point 2.2.2. Whereadl°® was
determined using a Minolta colorimeter CR 200 (Minolta Corp., Osaka, Japdamjo faces per
each fruit, after removing a 2 mthick skin layer.DM was assessed on 10 ghtertransversal
slice by overdrying until the fruit weightremain constant (approximately for 3 days) at the
temperature of 65°C, in accordance with the kiwistart protocol (Montefiori, 2003).

Additionally, the extent of fruit ripening was nalestructivdy measued by means of the
Kiwi-meter, a moiied DA-meter (see point 2.2.3pecially realized for kiwifruits and differing
from the DAmeter only by the wavelengths usdgbth the Kiwimeter and the index were
developed and patented by the Fruit Tram®l Woody Plant Sciences epartment of the
University of Bologna Costaet al, 2009. The used wavelength differs betwerchinensisand
A. deliciosafruits, and is calculated as follows:

lap = AlT A2,
where Al and A2 are the absorbance values at thelermyths of 640 and 800 for yellow
kiwifruits and 540 and 800 fathe green ones. IA. deliciosg the hp ranges from 0.2 (unripe
fruits) up to 2.0 (fully ripe fruits), whereag A. chinensisthereis a strict negativerelation
between external and flesk, with fleshH® (Costaet al, 2010.
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4.2.3 Gas exchange measurement

Gas exchangecharacteristicsas net photosynthesish), transpiration E) and stomatal
conductancegs) were measuredvith a LI-COR 6400 portable photosynthesis systemCar
Inc. Lincoln, Nely USA). Threewell exposed and fully expanded leaves per yvingull vine
treatmentsand lleaf per girdled branch were selected and measiedsurements were made
on sunny days, between 11:@0m.and 1:00p.m. using a Qbeam (blue and dediode) light
source set as 10Q0mol m? s*which was found to be saturating far deliciosaunder our field

conditions. Also, instantaneous water use efficiency (WUKIE) was assessed.

4.2 4 Statistical analysis

All data were statistically analyz7a8 usi ng a completely randomi
2009 trials, the factor was the treatment (2 levels: ABA and control) while for 2010 trials, the
factors were the treatment (2 levels: ABA and control) and thedftee treatment (4 levels: 1,
2, 3 aml 4 month after treatmenffor 6Ji nt aod experiments, the |
ABA, PDJ and control for prbarvest treatments; 6 levels: ABA 20 ppm, ABA 200 ppm, PDJ 20
ppm, PDJ 200 ppm, ABA 20 ppm + PDJ 20 ppm and coffitirobostharvesttreatment. When
significant interactions occurred, the treatment factor was analyzed separately per each level of
treatmentapplication time Mean separation analysis was performed by the Student Newman
Keuls test.Pearson correlation analysis was perfednio evaluate the relation between main

guality parameters with Kiwineter analysis.

4.3 Results and Discussion

4.3.1 Field ABA application improves quality and size of Actinidia deliciosa fruits
Girdled branch treatments (Table2 to 4.6) showed thabnly late applications (4 MAFB),

had positive effects on fruit quality traits; in both seasons this treatment enhanced fruit weight,

andin 2010alsosignificantly enhancedsp, size and softening. When applied earlier (1 MAFB),

ABA increased Ap and FF,2 MAFB decreased size, weight, SSGp land DM while no

significant effects were observed when applied 3 MAFB. When applied to full vines, late season

treatments had no effects on fruit weight or quality traits (Téfle
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Table 4.2 Effects of 2010 ABA iteatmentsappliedl MAFB to O6éHaywardo6 girdl ed
quality traits at harvest

Treatment  Size (mm) Weight () lao  FF(kgcni®) SSC (°Brix) TA(gl") DM (%)

Control 77.1a 130a 1.20b 8.10 b 6.47 a 22.7a 17.7a
Treated 78.1a 133a 126 a 8.86 a 6.73 a 24.3a 179a
Significance n.s. n.s. * ok n.s. n.s. n.s.
n.s., not significant; *, significardifferenceat PO0.05;* * * |, P Data @preSehtimeamlues In

each column, means followed by the same letter arstatstically different (at® 0. 05) .

Table 4.3 Effects of 2010 ABA treatmentapplied2 MAFB to O6éHaywardo6 girdled
guality trats at harvest

Treatment  Size (mm) Weight () lao  FF(kgcni®) SSC (°Brix) TA(gl") DM (%)

Control 76.1a 129a 1.23 a 8.60 a 6.56 a 23.3a 17.5a
Treated 73.5b 115b 1.18 b 8.34 a 5.92b 22.8a 15.7b
Significance * *x * n.s. * n.s. *x

n.s., not gnificant; *, significantdifferenceat PO0.05; *, PO 0 Ddtalrepresent mearlues In each
column, means followed by the same letter arestatistically different (at® 0. 05) .

Table 44Ef f ect s of 2010 ABA treatments applied 3 MAFB
guality traitsat harvest

Treatment Size (mm) Weight (9) | FF(kgcm®) SSC (°Brix) TA(gl') DM (%)

Control 75.0a 122 a 1.15a 8.70 a 6.56 a 224 a 17.1a
Treated 75.9 a 129 a 1.16 a 8.46 a 6.24 a 22.9a 16.4 a
Significance n.s. n.s. n.s. n.s. n.s. n.s. n.s.

n.s., not significantData represent meamlues In each column, means followed by the same letter are
not statistically different (at® 0. 05) .

Table 4.5 Effect of 2009 ABA treatmentappliedd MAFB t o o6Haywarddé girdled br
guality traits at harvest.

Treatment Weight (g) FF (kg cn?) SSC (°Brix) TA (g I
Control 109b 6.0Va 11.5a 23.0a
Treated 117a 6.83 a 120a 23.9a
Significance * n.s. n.s. n.s.

n.s., not significant; *, significardifferenceat PO 0.0t represent measalues In each column,
meandollowed by the same letter are rspatistically different (at® 0. 05)
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Table 4.6 Effects of 200 ABA treatmentsapplied4 MAFB t o O6éHaywardoé girdl ¢
quality traits at harvest

Treatment  Size (mm) Weight (g) lao  FF(kgcmi®) SSC (°Brix) TA(gl") DM (%)

Control 75.9b 12 a 1.15a 8.24 a 7.40 a 24.3 a 17.2a
Treated 78.5a 139b 122b 7.66 b 8.65b 22.0a 17.1a
Significance *x *x * * ek n.s. n.s.

n.s., not significant; *, significandifferenceat PO0.05; *, PO 0. 01; * * Pata represent 0. 00
meanvalues In each column, means followed by the same letter arestatistically different (at RO
0.05)

Table 47Ef f ect of 2009 ABA treatments to OMHialdavar do
harvest.

Treatment Weight () FF (kg cn?) SSC (°Brix) TA (g
Control 102 a 6.70a 11.1a 24.6a
Treated 103a 6.56a 11.1a 25.2a
Sgnificance n.s. n.s. n.s. n.s.

n.s., not significant. Data represent meafues In each columnmeansfollowed by the same letter are
not statistically different (at® 0. 05) .

After 2 months of cold storage, ABA treatmemtfected kiwifruit ripening (tabled.8 to
4.13). OneMAFB-treated fruits showed a delayed softening as compared to control ones; 2 and 3
MAFB-treated fruits exhibited reduced SSC and DM content, et a8 4 MAFB full vine
treated fruits as compared to control ones; the latter tregtmbeh applied to girdled branches
showed no significant differences or a reduced SSC as compared to control fruits, the first and

second seasorespectively. Full \netreated fruits also showed a reducgsl |

Table48Ef f ect s of 2010 ABA treatments done 1 MAFB t
traits after cold storage.

Treatment | ap FF (kg cni®) SSC (°Brix) DM (%)
Control 1.26a 291b 13.0a 191a
Treated 1.28 a 3.75a 128a 18.8a
Significance n.s. * n.s. n.s.

n.s., not significant; * significandifferenceat POO0.05 Data regresent mearalues In each column,
means followed by the same letter arestatistically different (at® 0). 05
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Table 49Ef f ect s of 2010 ABA treatments done 2 MAFB to
traits after cold storage.

Treatment lap FF (kg cm®) SSC (°Brix) DM (%)
Control 1.27a 3.34a 13.0b 19.4b
Treated 1.30a 3.67a 117a 179a
Significance n.s. n.s. ok *x

n.s., not significant; *, significantdifferenceat PO 0. 01 ; * *Data reftesedt nzames In.
each column, means followed by the same letter are not statistifédhent (@atPO 0. 05) .

Table 410Effectsof ®» 1 0 ABA treat ments done 3 MAFB to OHaywar
traits after cold storage.

Treatment laD FF (kg cm®) SSC (°Brix) DM (%)
Control 1.27a 3.05a 12.4a 182a
Treated 1.31a 2.99 a 111b 16.7b
Significance n.s. n.s. * *x

n.s., not significant; *, significardifferenceat PO0.05; **, PO 0. Ddialrepresent mearlues In each
column, means followed by the same letter are not statistidiffiéyent (atPO 0. 05)

Table4.11Ef f ect s of 2009 ABA done 4 MAFB treatments to
traits dter cold storage

Treatment lap FF (kg cn?) SSC (°Brix) TA (g™ DM (%)
Control 1.22a 2.99 a 143 a 124 a 18.4 a
Treated 124 a 2.74 a 141 a 123 a 17.6a
Significance n.s. n.s. n.s. n.s. n.s.

n.s., not significantData represent meamlues In each column, means followed by the same letter are
not statisticallydifferent (@tPO 0. 05)

Table4.12Ef f ects of 2010 ABA treatments done 4 MAFB to
traits after 2 months of cold storage.

Treatment [ap FF (kg cni®) SSC (°Brix) DM (%)
Control 1.26 a 2.58 a 13.3a 18.7a
Treated 124 a 247 a 12.7b 18.1a
Significance n.s. n.s. * n.s.

n.s., not significant; * significandifferenceat P O0.05 Data represent mearalues In each column,
means followed by the same letter are not statisticifligrent (atPO 0. 05)
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Table 4.13EffectsofABA t reat ments to OHaywardd vines on ma

Treatment | ap FF (kg cn?) SSC (°Brix) TA (g DM (%)
Control 1.21b 254 a 143 a 16.2a 18.0a
Treated 1.10a 2.49 a 13.8a 142 a 16.8 b
Significance ok n.s. ok n.s. *okk

n.s., not significant®*, significantdifferenceatP O Datddréplesent measalues In each column,
means followed by the same letter are not statistidiffigrent (at PO 0. 05)

In the present study, exogenous ABA treatments alter fruit weight, sugar content and dry
matter accumulation, accordirtg differences in fruit physiology and growth pattern. Upon
treatment date, ABA can increase (4 MAFB), decreda9dAFB) or not affect (1 MAFB and 3
MAFB) fruit weight, sugar and dry matter content at harvest. In fact, several reports indicate that
exogenois ABA treatments increase sugar content in many species by enhancing assimilate
uptake and sugaretabolism (OfostAnim et al, 1994;0fosuAnim et al, 1996;0fosuAnim et
al., 1998: Kobashet al, 1999; Kobashet al, 200]). Moscatelloet al. (2005) indicatedthat
accelerating the onset of starch accumulation and starch degradation can anticipate soluble solids
accumulation and harvest.

Present data show that exogenous ABA enhances ripening when fruit sugar metabolism shifts
from starch accumulatiorotsoluble sugars accumulation (4 MAFB treatment). In this period,
continuous accumulation of dry matter by the fruit while starch is hydrolyzing and soluble solids
are increasing, indicates that a continuous photoassimilate import to the fruits occlss §0éu
Ryugo, 1981). Thughe obtained resultsuggest that ABA enhances soluble sugar accumulation
by either enhancing starch hydrolization or by increasing photoassimilate unloading to the fruits.
In fact, several reports indicate that ABA boosts ceamiediated sugar uptake in strawberry
(OfosuAnim et al, 1996), melon (Ofosénim et al, 1991), apple (Pengt al, 2003) and peach
(Kobashiet al, 2001), and enhances sucrose and sorbitol cleavage enzyme actipégch
(Kobashi et a., 1999), grapeaiet al, 2005) and apple (Past al, 2006). In contrast, ABA
produces a ripening delay (2 MAFB treatment) when fruit sugar metabolism shifts from glucose
to starch accumulation suggesting that the hormone negatively affects the onset of starch
synthesisand thus delays soluble solids accumulation at harvest. Similar results were obtained in
kiwifruit by vine-heating in summer and prior to harvest; in the former fruit DM content was

greatly reduced (Richardsat al, 2004) and, on the other hand, vege&avigor was enhanced;
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in the latter, DM increased (Snelgztral, 2005). It is possible that summer treatments (2 MAFB)

negatively affect growth and ripening by favouring other actively growing organs, such as shoots.
In late treatments, differences 865C between2009 and 201Geasons could be explained

because 2009 harvests were delayedtdwenvironmental conditions and thus ripening of both

treated and control fruits equalized in the tree. In the present study, fruit ripening was differently

affected during storage by ABA treatments. Fruits of early treatments (1 and 2 MAFB) exhibited

the same differences after the storage period as at harvesiOimiie contraryABA-treated

fruits of later applications (3 and 4 MAFB) showed a delayed ripenitigrpaas compared to

their respective contrglsince the increment rate of SSC and DM was similar or lower in treated

fruits.

4.3.2 Field PDJ and ABA applicatiomsiprove qualityof Actinidia chinensis fruits.

At harvest, ABA and PDdJreated fruits showed altered quality traits as comparedntrol
fruits (Table4.14to 4.16). Fleshcolor development of yellow kiwifruits was enhanced by PDJ
treatments at commercial harvéstboth yearsas indicated by a reduction in H° aftesh | ap;
ABA applicationsinstead, determinesimilar or higher values dfi° and flesh Ap at commercial
harvest. Inthe 2009 delayed harvest, there were no color differences between treatments. As far
as sugar accumulation is concerned, both tredsmiewreasedt towards harvestin the first
season (both harvests), ABfeated fruitsshowedthe highest accumulation of soluble solids,
PDJtreated fruiteexhibitedintermediate amounts, and control ones had the lowest content; in the
second season, PDJ and AlB&ated fruits had higher SSC levels than control ones. Moreover,
PDJ treatments significantly increased DM content and AiAted fruits showetdigher|ap at
harvestin 201Q In both years FF, TA and fresh weight (data not shown for TA and weight) were

unafected bythetreatments.
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Table 4.14 Effects of 2009 préarvest ABA and PDJ treatments on kiwifruit quality traits at commercial
harvest

Treatments Skin lap Fleshlap Hue angle (H) FF (kg cmd) SSC (°Brix)
Control 1.68 a 0.35ab 102 a 4.15a 11.6b
ABA 1.63a 0.39a 103 a 452 a 124 a
PDJ 1.70 a 0.19b 100b 4.29 a 12.1 ab
Significance n.s. *x * n.s. *

n.s., not significant; *, significardifferenceat PO0.05; **, PO 0 Ddalrepresent meamlues In each
column, means followed by the same letter are not statistidiffiéyent (atPO 0. 05)

Table 4.15 Effects of 2009 prdnarvest ABA and PDJ treatments on kiwifruit quality traits avekk
delayedharvest.

Treatments  Skin lxp Fleshlap Hue angle (H°) FF (kg cni®) SSC (°Brix) DM (%)

Control 1.62a 0.24 a 99 a 3.92a 13.6b 20.6 a

ABA 1.65a 0.20 a 98 a 3.56 a 143 a 20.6 a

PDJ 1.64a 0.17 a 98 a 3.94a 14.2 ab 20.5a
Significance n.s. n.s. n.s. n.s. *x n.s.

n.s., not significant; **, significantifferenceat P00.01 Data represent meamlues In each column,
means followed by the same letter are not statistidiffigrent (at PO 0. 05)

Table 4.16 Effects of 2010 prdrarvest ABA and PDJ treatments on kiwifruit quality traits at commercial
harvest.

Treatmets Skin lap Fleshl ap Hue angle (H) FF(kgcn®  SSC (°Brix) DM (%)
Control 1.25b 0.16 ab 101 a 5.69 a 86D 185a
ABA 1.39a 0.23 a 101 a 5.88 a 9.8a 184 a
PDJ 1.15b 0.09 b 99 b 5.92 a 10.5a 19.6 b
Sgnificance *x *x * n.s. *rk **

n.s., not ginificant; *, significantdifferenceat PO0.05; * PO 0. 01; * * Pata rdbresé‘ht 0.
meanvalues In each column, means followed by the same letter are not statistiifédisent (at PO
0.05)

After cold storage (Tablegl.17 and 4.18), treated fruits from both seasons presented
differences in their quality attributeka the first seasqrPDJtreatedfruits showedlower values

of H° andfleshl,p as compared to control ones; ABA treatments produced fruits with higher FF
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and intermediatdélesh 1ap as compared to controls the first segsand reduced FF the second
season. No differences were found in sk ITA or DM in both seasoremongtreatments.

Table 4.17 Effects of preharvest ABA and PDJ treatments (2009) on kiwifruit quality traits after 2 month
storage at 1°C

Treatments Skin Iap Fleshlap Hue angle (H)  FF (kg cni) SSC (°Brix)
Control 1.33a 0.033a 96.6 a 1.39b 16.7 a
ABA 131a 0.023 ab 96.6 a 155a 16.4a
PDJ 1.25a 0.006 b 95.7b 1.34b 16.8 a
Significance n.s. * * ** n.s.

n.s., not significant; *, significardifferenceat PO0.05; **, PO 0 Ddlalrepresent meamlues In each
column, means followed by the same letter are not statistidiffiéyent (atPO 0. 05)

Table 4.18 Effects of preharvest ABA and PDJ treatments (2010) on kiwifruit quality $rafter 2 month
storage at 1°C.

Treatments Skin lap Fleshl ap Hue angle (H) FF (kg cni®) SSC (°Brix)
Control 1.12a 0.03a 99.4a 0.75a 16.5a
ABA 1.13a 0.02a 99.5a 0.48b 16.6 a
PDJ 1.13a 0.02a 99.0a 0.69a 16.2a
Significance n.s. n.s. n.s. *hk n.s.

n.s., no significant; ** , significantdifferenceat PO 0 . D@ fepresent measdlues In each column,
means followed by the same letter are not statistidiffigrent at PO 0. 05)

The relationship between external and fleghdnd flesh color and dry matter content of
6Jintaobd fr uxpbssed inmRigurdl.h and4e2slh thei 2009 season, H° positively
correlated with fleshab with a correlation coefficientr] of 0.7967 for the commercial harvest
andr of 0.7048 for the delayed harvest. In the 2010 season, both maturity indexes positively
correlated between them £ 0.757)andH°, andnegativelywith DM. These trends suggest that

fruits with lower lp show lower H° and high DM and are riper.
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Figure 4.2 Correlation betweenah measurements with flesh color afd dry matier2010. a, H vs
External hp; b, H°vs Flesh Ap; ¢, DM vs External A\p; d, DM vs Fles‘h Ao; e, Flesh Ap vs External p. r,
Pearson correlation coefficient. ***, linear correlation significant @ PO . 00 1 .

Present data show that ABA and PDJ treatments enhanced fruit ripening by enl&8Cing
whereas color developmewntas only enhanced by PDJ. Several reports indicate that exogenous
JA and ABA treatments modify ripeninglated parameters in diverse fruit species, especially

color development by stimulating either anthocyanin synthesioaetilorophylldegradation
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(Kondo et al, 2001; Kondcet al, 2002;Rudellet al, 2002; Jiang and Joyce, 2003; Jeeh@|,
2004; Wanget al, 2005; Wang and Zheng, 2005; Rudslil, 2005;Peppiet al, 2006; Wanget

al., 2007; Peppi and Fidelibus, ZBGPeppiet al, 2008) other ripening related parameters such
as fruit FF and SSQmay be unaltered or differentially affected (Kondo and Gemma, 1993;
Kojima et al, 1995 Fanet al, 1998, GonzalezAguilar et al, 2004; Kondcet al,, 2005; Wang
and Zheg., 2005; Wanget al, 2007; Peppi and Fidelibus, 2008; Ziegi al, 200&). In A.
chinensis fruits, during the progression of maturation, chlorophylls eventually disappear
completely whereas no major differences in carotenoid content and composition asccu
compared withActinidia deliciosafruits (McGhie and Ainge, 2002Nishiyamaet al, 2008;
Montefiori et al, 2009) this suggest that improved color development by PDJ treatmentisie

to increased chlorophyll degradation rather than changes itecatid contenin accord with the
known degreening effect of JASISwchiya et al, 1999 Wanget al,, 20035.

Also, both treatments increased SSC when applied late in the sdeadiondia chinensis
fruits follow a similar trend in sugar metabolism Astinidia deliciosa(Boldingh et al, 2000,
thus,accordingto point 43.1, ths increasemay be due to either enhanced starch hydrolization or
increased photoassimilate unloading. Several reports regard the involvement of ABA in sugar
metabolism whereas thmechanism by which JAs might affect fruit sugar accumulation is not
clear. However, there are reports indicating increased or decreased SSC aftardppest
harvest JA treatments (Wang and Zheng, 2005; Rohwer and Erwin,Z1088:t al, 2008a)

In this study, both destructive and ndestructive kinvimeter measurements showed good
correlations with internal flesh colam 2010 harvest whereas in 2009 only flegh torrelated
with flesh color. Studies indicate that excessive sun exposure leadsrigeshin fruit skin
morphology, wax composition and structure @fcand Ferguson, 2000}hus reducing light
penetration anéxternal hp accuracy Present data suggests that ¢an replace traditional flesh
color determinations in fruits from wetbvered vines. Also, in 201t A. chinenesidoth Iap
correlated very well with fruibM content whichs interesting though DNk less importanthan

in A. deliciosain quality determiation ofyellow kiwifruit.
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4.3.3 Postharvest PDJ and ABAdipping affets kiwifruit quality traits after

storage.

The effects of posharvest ABA and/or PDJ dipping on yellow Kiwifruit quality traits are
displayed on Tabld.19. SSC was higher ifruit treated withthe hgher ABA concentratior{(200
ppm) andin fruits treatedvith ABA + PDJ as compared with contsoSoftening was reduced by
20 ppmPDJtreatments and color was enhanced by the caatibmABA + PDJ. The rest of the

treatments resulted in similar values for all the parameters as compared with controls.

Table 4.19 Effects of postharvest ABA and PDJ treatments on kiwifruit quality traits after 2 months of
cold storage. 2009

Treatments Skinlpo,  Hueangle (H) Fleshlyp  FF (kgcnf) SSC (°Brix) TA (gl
Control 1.28 ab 96.6 a 0.02 abc 1.10b 16.2c 8.63a
ABA 20 ppm 1.31ab 96.2 ab 0.03 ab 1.19 ab 16.5 bc 9.97a
ABA 200 ppm 1.23 b 96.0 ab 0.00c 1.22 ab 169b 9.50a
PDJ 20ppm 1.32a 96.1 ab 0.01 bc 1.30a 16.5 bc 9.90a
PDJ 200ppm 1.22b 96.7 a 0.04 a 1.18b 16.0c 9.97 a
ABA20+PDJ20 1.34a 95.7b 0.02 abc 1.22 ab 176 a 8.83 a
Significance * n.s. * n.s. *hk n.s.
n.s., not significant; *, significardifferenceat PO0.05;* * * , P Data @preBehtlmeamlues In

each column, means followed by the same letter are not statistiféehent atPO 0. 0 5)

Present tsidy shows that exogenous ABA and PDJ altered some quality parameters, such as
SSC and FF, duringold storagePDJtreatments at low dogeducedsoftening, exogenous ABA
at the higher concentration enhance8SC whereas both plant growth regulators supplied
together improved SSC more than ABA alobézerse results have been reported concerning JA
and ABA effects on ripeningelated parameters (refer to po8.2).In nectarines, MJ and PDJ
field applications reduce ethylene emission, softening and color development depending on the
fruit physiological stag€Ziosi et al., 200&). This study suggés that posharvest ABA and PDJ
treatments do najreatlyalter kiwifruit quality parameterduringcold storage, probably because
fruits were already ripe and yellow whéreated It is possible thathe treatment with either
hormone ofless ripe fruitsthan those presently usednhich still have a green flesh, could
accelerate flesh color development as demonstrated in ajpjaeddet al, 2001;Rudellet al,

2002 andActinidia macrosperm@&Montefiori et al, 2007)after postharvest JA treatments, and
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in litchi (Wanget al, 2007), grapeReppiet al, 2006; Peppet al, 2007 and strawberryJjang

and Joyce, 20Q3for postharvest ABA treatmentH. is not clear how J8and ABA interacts
during fruit ripening; inapplesexogenous JA treatments to di@acteric and climacteric fruits
reduce ABA accumulation whereas exogenous ABA enhances JA accumulation in all kinds of
fruits, via an increase in ethylene product{@gondo et al, 20QL). In this case it seems thaiv

doses oPDJ and ABAact in asynegistic way toenhance ripening.

4.34 Field ABA application reduces gas exchanges

In both trials, exogenous ABA treatment induced a reduction in gas exchange parameters. In
girdled branches (TabK20) significant differences occurred 1 day after trestimABA-treated
branches showed a-30% reduction in the levels & gs andE. In full vine treatments (Table
4.21), gas exchange alterations started the same day of the treatment and lasted for 1 day. In this
trial, ABA-treated plants showed a-20% reduction in the levels of, gs and E. In both

treatments instantaneous WUE was not significantly altered.

Table 4.20 Gas exchange measurements after ABA treatments to girdled branches.

Assessment dat Treatment A (umol m?s?) gs(mol m?s?) E (mmol m?s?) (um\é\I/LrJnEr:]oll)
Control 6.89 a 0.14 a 2.43 a 285a
Same Day Treated 6.87 a 0.13a 2.27 a 3.04 a
Significance n.s. n.s. n.s. n.s.
Control 6.95a 0.17 a 4.07 a 1.70a
1 DAT Treated 5.21b 0.12b 3.12b 1.65a
Significance *xk *xk *hk n.s.

n.s., not significant; * , significantdifferenceat PO 0 . Da@ fepresent measalues In each column,
means followed by the same letter are not statistidiffigrent at PO 0. 05)
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Table 4.21 Gas exchange measurements after ABA ineats to full vines.

Assessment dat Treatment A (umolm?s?) gs(molm?s?) E (mmol m*s? (pm\c/)\lllrJnEnImIl)
Control 12.4. a 0.26 a 6.99 a 1.78 a
Same Day Treated 11.2b 0.24 a 6.47 a 1.67a
Significance * n.s. n.s. n.s.
Control 11.1a 0.25a 6.45a 1.74a
1 DAT Treated 9.1b 0.19b 5.28b 1.72a
Sgnificance *x rkk *hk n.s.
Control 7.78 a 0.16 a 5.17 a 151a
2 DAT Treated 8.63 a 0.176 a 5.65 a 152a
Sgnificance n.s. n.s. n.s. n.s.
n.s., not significant; *, significantiiffererceat PO0.05;**, PO 0 *0 ¥; P Data fepraséntl .

meanvalues In each column, means followed by the same letter are not statistiifédigent (at PO
0.05)

It is broadly known that ABA plays a central role in plavdter relations as it indes
stomatal closure and prevents stomata opening, and hence it reduces plant gas e2bhange (
1991; McAdams et al, 201). In the present work, reduction in gas exchange parameters
suggests that supplied ABA was taken uptbg leaves. In fact, examously applied ABA
induces stomatal closure geveral species such aheat(Quarrie and Jones, 197and Malus
sp. (Maet al, 2008) The transient reductian gas exchangexhibited in full vines can beéue to
fact that kiwifruit does not acclimate tdry climate. Acclimated specieshow a better
responsiveness to exogenous ABA¢Lial, 2004; Ma et al,, 2008)

In conclusion, both hormone treatments seem to regstatee aspects of kiwifruitipening
with particular emphasis on SSC (ABA and PDJ) #adh color (PDJ)The possibility of the
combined application of the two hormones is to be considered though further investigation is

needed.
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5. ABA TREATMENTS RED UCE WATER USE IN PEACH
PLANTS, AND PEACH AND NECTARINE DETACHED
BRANCHES

5.1 Introdudion

Abscisic acid (ABA), awelk nown pl ant hor mone, first di s
names of either abscissin or dormin in young cotton fruits and in dormant buds of sycamore,
plays key roles in seed and organ dormancy, plant responses t@b@b@dbiotic stress and sugar
sensing (Schwartz and Zeevaart, 2010). ABA biosynthesis requires the cleavagge of C
carotenoids to form its direct precursor (Nambara and Mdrwh 2005). This process,
catalyzed by the-8is-epoxycarotenoid dehydrogenasezyme (NCED), is the main ralieniting
step in ABA biosynthesis; in fact, alterations in NCED activity in deficient maize and over
expressing tomato mutants lead to reduced or enhanced ABA accumulation, respectivety (Tan
al., 1997; Thompsoret al, 2007). NCED overexpressing plants present enhanced ABA
accumulation, drought tolerance and reduced transpiration @i 2001; Qin and Zeevaart,
2002; Thompsoet al,, 2007)

Water availability is one of the nw factors that determine crop yielddaplant growth
(luchiet al, 2001) Numerous studies demonstrated that cell expansion and growth decline under
water deficit while progressive water deficit negatively affects photosynthesis and carbon
partitioning (Chavest al, 20®; Taiz and Zeiger2010). ABA differentially affects root and
shoot growth under diverse water conditions. At high water potential shoot growth, and root
growth to a lesser extent, is greater in viijge maize plants than in AB@eficient mutants. In
contrast, limiting wateavailability determines opposite effects on shoots and;rslt®t growth
is greater in ABAdeficient mutants whereas root growshhigher in wildtype plants (Sharp
amnd LeNoble 2002).In Malus and Populusplants, drought conditions reduce total bass
production and increase the root to shoot relatiore{lal, 2004; Ma et al, 2008). Exogenous
ABA treatments inhibit plant growth under normal growth conditions and enhance it under stress
conditions (Khadret al,, 2006).

In the present work, pelaavas chosen as a model to shed some light on the physiological role
of ABA on water relations and plant growth, under diverse water availability conditions.

Exogenous ABA was applied to potted peach plants and detached nectarine and peach branches
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and the following were analysed: (i) transpiratiorfii) biomass productionand (iii) fruit

dehydration.

5.2 Materials and Methods

5.2.1 Plant material and experimental design

Micro-propagated plants

The trial was carried out with microropagated peach roatst k

OGF677606

pl ant s,

containers with a pottingeat substrate, and kept under the desired pot water conditions in a

greenhouse. After plant adaptation to the greenhouse conditions and water regimes, they were

treated with ABA through soil drehing or leaf prays (Table 8). Pot water conditions were

established as a percentage of bulk water (BW) held by the pots. BW was calculated by

subtracting from saturated pot weight (after they were flooded and left to percolate during the

night) the drypot weight (after drying the substrate). After treatmeidnts were grown for 4

weeks and water use was assessed daily. Finally, at the end of the trial, all the plants were

partitioned in roots and shoote assess plant biomass production; water uBeeacy, as

biomass produced per water transpired, was also determined.

Table 5.1 Micro-propagated plant trial treatment structure with their respective pot water conditions.

Pot water conditions Treatment Replicate number
50 ppm ABA drench 4 plants
100 % BW 500 ppm ABA spray 4 plants
Water 4 plants
50 ppm ABA drench 4 plants
50 % BW 500 ppm ABA spray 4 plants
Water 4 plants
50 ppm ABA drench 4 plants
No irrigation 500 ppm ABA spray 4 plants
Water 4 plants
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Detached peach branch model

One year old detached OFl aminiad peach and
by one shoot and one fruit, were harvested at different stages of fruit developmeseirem
yearold peach tree¢Prunus persicalL. Batsch) and fifteetyearold nectrine trees Rrunus
persicaL. Batsch) grown at a commercial orchard in Faenza and at the S. Anna experimental
station of the university of Bologna, Italy, respectively. To identify fruit development stages,
growth curve was established for both cults/éiFig.5.1 and5.2). To ensure branch uniformity,
twig selection was carried out by taking limbs with an active growing shoot and a fruit with a
known DArvalue. After picking, branches were immediately taken to a growth chamber, placed
in 50 ml graduatedhlcon tubes filled with water, or with an abscisic acid (ABA(+$-abscisic
acid; Valent Biosciences, Libertyville, IL, USA) lstion and left to grow for 5 06 days
(nectarine and peach, respectivelypder controlled conditions (24°Gnd 14/10 day/giht
cycleg. Flaminia branches were also sprayed with an ABA solution. Treatments are listed in
tablesb.1 and5.2.
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Table516 St ar k Red Gol d6 det ached branch treat ments.
Growth Stage lap-value Treatments Replicate number
5 ppm ABAdippin 24
Early S3 2.27 2.0 PP PPINg
Water 24
5 ppmABA dippin 25
Mid S3 2.0 1.8 PP PPINg
Water 25
5 ppm ABA dippin 15
S3/S4 transition 1.61 1.4 PP pping
Water 15
5 ppm ABA dippin 15
S4 1.071 0.8 PP PRIng
Water 15
Table526 Fl ami ni a6é6 detached branch treat ment s.
Growth Stage lap-value Treatments Replicate number
5 ppm ABA dipping 9
Early S3 2.271 2.0 500 ppm ABA foliar spray 9
Water 9

For both cultivars, daily branch water use waseased until branch senesceaod fruit

dehydration was determineldiring the early S3 treatments.
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5.2.2 Water use

Detached branch wateise (WU) was assessed by daily measuring differences in water or
solution leves$ in the tube. After each assessment tubes were refilled when needed with water or
ABA solutionrespectively.

WU of micro-propagated plants was measured through periodic pigihting with a scale.
Pots were refilled, either with water or ABA solution, after each measurement to maintain the
desired water conditions. For both experimental designs WU was expressed as accumulated

transpiration throughout the trial period.

5.2.3 Fruit dehydration

Fruit dehydration was qualitatively evaluated 4 and 5 DAT following the subsequent scheme:

Table 5.3 Fruit dehydration evaluation scheme.

Fruit dehydration Dehydration mark
No visual signs of dehydration 0
Initial dehydration signs 1
Evidentvisual dehydration 2
Severe visual dehydration 3

5.2.4 Biomass production
To determie biomass production, all plants welestroyedat the end of the experiment (four
weeks after the treatments), divided in shoots and roots, anddoeenat &°C for 4 days and

weighted.

5.2.5Branch uniformity
Nectarine and peach brandelection was performed on the basis of fruit ripening

homogeneity as determined by tbA-meter(Refer to point 2.2.2)
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5.2.6 Statistical analysis

All data were statistdal y analyzed wusing a completely rat
Golddé detached branches, treatment (2 |l evels:
levels: earlyS3, midS 3 , S3/ S4 and S4) were considered as
brancles the factor was the treatment (3 lsvedontrol, spray and dippihgAs to the micre
propagated plant trial, the factors used were treatment (3 levels: control, spray and drench), and
pot water condition (3 levels: Aarigation, 50 and 100 % BW).

5.3 Results and Discussion

5.3.1 ABA reduces transpiration micro-propagatedpeachplants and peach and
nectarine detached branches

Micro-propagated plants

In micro-propagated plants, ABA treatments differentialifected WUdepending on pot
water conditons. Under nofirrigated conditions (Figs.3a), ABA treatments transiently reduced
plant transpiration from 2 to 13 DAT, but there were no significant differences in total WU at the
end of the period, suggesting a faster depletion of water reservestbyl pdants. Under water
stressed conditions (50% BW; Fi§.3b), both ABA treatments decreased WU from 2 DAT
onwards as compared to controls; this reduction accounted for ~50% and ~20% at the end of the
period when ABA was supplied by drench or spraypeetively. Finally, under optimal
irrigation conditions (100% BW; Fig,5.3c), drencktreated plants showed reduced WU
throughout the experimentyhereassprayedplantshad significantly lower WU fron2 to 19
DAT; at the end of the experiment WU drenchtreated and spratyeated plantsvas lower than

that of control ones~60% and ~75% of control onegspectively).
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Figure 5.3 Accumulated water use in miepyopagated GF677 plants after ABA treatments. a, after 4
weeks without irrigation, b, at 89 BW and c, at 100% BW respectivelysignificant differenceat PO
0.05 **, atP 00.0L ***  atP 00.001.Data represent mean valuestandar error.
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Detached branches

Il n 6Star k Red aiydl tbowend a detreasing tremd; throughout the period,
in control and treated branches (Figda), with ABA-treated ones transpiring significantly less
water (~35% at each evaluation datinan controls throughout the period\s far as the fruit
growth stage is concerned (Fi§.4b), daily WU also had a decreasing trend at all evaluated
stages, with S4 branchesing significantly more water than the ethones during the trial
period:from ~35% to ~300% more than early S3 ones, ~30% to ~270% more the88roides,
and ~20% to ~65%nore than S3/S4 ones.

—o—Control == Treated a —&—Early S3 —=—Mid-S3 b
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2 20 g 20 ~
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Figure 5.4 Nectarine detached branch daily water use fiiseinced by: a, ABA treatment; b, Fruit growth
stage?*, significant differenceat PO  0; **0abP O0.0L *** , atP O0.001.Data represent mean values.

AccumulatedWU followed an increasing trend, throughout the period, in cbaind treated
brancles (Fig.5.5a), with ABA-treated ones transpiring significantly less water than controls
through the period; at the end of the perivdatedbranches transpireah averageof 35% less
water than controls with early S3, 88, S3/S4 and S4 treatmeetdibiting aredued branch
transpirationby 50, 34, 26 and 26 % as compared with controls, respectively. As the it
growth stage is concerned (Fig5bb), accumulatedVU also showedan increasing trend at all
evaluated stages, with S4 branches usiggificantly more water than thethersduring the trial
period, followed by S3/S4, mi83 and early S3 ones. At the end of the period, early S3Said
and S3/S4 branches transpired ~58%, ~66% and ~85% ofdter transpired by Sénes,

respectively.
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Figure 5.5 Nectarine detached branch accumulated water use as influenced by: a, ABA treatment; b, Fruit
growth stage?, significant differenceat PO  0; **,0a5P O0.0% *** , at P O0.001.Datarepresentnean
values.

In peach d&ched branches, daily Walso followed a decreasing trend through the period,
for all treatments (Figh.6a), with spraytreated branches transpiring significantly lessewéhan
controls throughout the periqffom ~45 to ~70% at each evaluation tjnanddipping-treated
ones transpiring less than controls at 1 and 6 DAT (from ~30 to ~40%). AccumiNaded
followed an increasing trenthrough the period, in all treatmesit(Fig. 5.6b), with ABA-treated
branches transpiring significantly less water than controls throughout; at the end of the period,
sprayed andlippingtreated branches transpired ~40% and ~30% less Watecontrols. No

significant differences were fourgbtween ABA application modésprayed odipping).
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Figure 5.6 Peach detached branch water use after ABA treatments. a, daily water use; b, accumulated

water use?, significant differenceat PO 0; *0& P 00.01 ** , at P 00.001.Datarepresenmean
values.
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It has been demonstrated that ABA plays a key role in stomatal movements, and-iarghort
long-term responses tavater deficit (Chaveset al, 20®) thus influencingplant water
relationshipsPresent data show that exogenous ABA treatsiesduce plant transpiration under
both well-watered and drought conditions. In migepagated plants, transpiratiander wel
watered conditions foboth ABA treatmentswas similar compared with control plants under
drought conditions suggesting thABA mimics plant responses to water shortage. Similar
resultswere found for Populus davidiangLi et al, 2004) and Malus sp.(Ma et al, 2008)in
which periodically applied ABAreduced plant gas exchange (net photosynthesis, transpiration
and stomatal@nductance) and increased WUE under both-watered and drought conditions.
Exogenous ABA effect was higher whétme hormone waspplied directly with the irrigation
water than wherit was sprayedon theleaves this may be due to the fact that, the former,

ABA was suppliedcontinuouslywhile in the latterABA sprays were donenly once at the
beginning of the trial. Sprayed AB#eatments, under both wellatered and drought conditions,
showed transient reduction in plant transpiration that lastetl +06 days after treatment
afterwardsdaily water transpiratio returnedto controllevels However,the initial reduction in
transpiration was enough to significantly reduce total water used after ~1 month of evaluations.
In nortirrigated plants, ABA teatments had no effect on total water used; howéwey reduced

initial plant transpiration and delayed water reserve depletion thus increasing plant tolerance to
progressive drought.

In detached branches, as fruit development progre¥gedincreased wie ABA-effect on
total water loss decreased. The increased transpiration can be explained by the increasing fruit
water lossand xylem water inflow with advancing fruit development that characterize peach
(Morandiet al, 2007) detached branch leaf areemained uniform among the different stages
analyzed. This data suggest that AB#ainly actson leaf transpiration and ds not interfere
with fruit transpiration thus it should not produce detrimental effects on fruits growth which in
peaches is mainta&d by high evaporative rates that facilitate phloem unloading and cell
elongation. In contrast with micfpropagategblants no differences were found ithe decreasing
WU of detached brandsbetweenspray anddipping ABA treatmentspossiby dueto the short
duration of thetrial. However it should be noted thaBA catabolismrapidly occurs in plants
(Jiaetal., 1996;Renet al., 2007s0thatperiodicallysupplying ABA should lead to better results

than onetime treatments.
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5.3.2 ABA reduces fruitahydration in detached branches

In both cultivars, fruitdehydration tended to increase with time (Tabk and 5.5). In
nectarine detached branches, the progression of fruit desiccation was reduced by ABA treatment,
and remained lower at the end of thmltperiod. In peach twigs, onlglipping-applied ABA
reduced dehydration progression as compared to controls while sprayed branches exhibited
intermediate levels of dehydration at the end of the trial period.

Table5.46 St ar k Rutdehy@mtiomfter ABA treatments done during S3 stage of fruit growth.

Dehydration (63)

Treatment

2 DAT 4 DAT 5 DAT
Control 0.79a 171a 1.86a
Treated 0.00b 0.21b 0.71b
significance * *x *

n.s., not significant; *, significant difference atP 0 **0P500.01. Data represent mean valuieseach
column, meanfollowed by the same letter are not statisticdifferent atPO 0. 05) .

Table5.56 F | a miuindehgdbatioh after ABA treatments done during S3 stage of fruit growth.

Dehydraton (0-3)

Treatment 4 DAT 5 DAT

Control 171a 1.71a

Dipping 0.22b 0.56 b
Spray 1l.14a 1.20 ab
significance *x *

n.s., not significant; *, significant difference atP 0 **0P500.01. Data represent mean valueseach
column, mean$ollowed by the same letter are not statisticallfferent atPO 0. 05) .

In peaches, daily water losses through skin transpiration account for 50% of the imported
water during S1 and S3 growth stages (Moratdil, 2007). This loss induces a decrease in fruit
water potential and an increase in phloem imports thus enhancing fruitwieght and dry
matter gain (Morandet al, 2010) Present data shothat fruit dehydration wasignificantly
reduced by ABA treatments onlyhen appliedoy dipping this suggest that total water influx in
treated fruits wvas higher than in control fruiteind thus treated fruits handlebetterwith skin

transpiration.This difference in performance between ABA treatments could be due to the
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constant ABA flowduring dippingthat enhances water and solute transport towards developing
fruits.

5.3.3 ABA does not modify plant growth patterns under different water conditions
The effects of ABA treatment on micgropagated plant growth are listiedTable5.6 to 5.8.
ABA treatments di not induce anysignificant effect in single organs or in total biomass
production under different pot water conditions while WUE was enhancedBl#y drench
treatment under drought conditiortsowever ABA treatments tended to decrease shomit to
shod ratio (R/S) and total biomass production as compared to control plants irwatred
conditions. In drought conditions, drench ABA treatments slightly reduce root, shoot and canopy
biomass accumulation as compared to both spemted and control plés Finally, under non
irrigation conditionsABA increass shoot and total biomass production and reduce R/S ratio as
related to control and sprayeated plants. Regarding the effect of water availability on plant
growth (data not shomy, nonirrigated pantsproducedsignificantly less root, shoot and total
biomass than drougland wellwatered plants; the tlers producedsimilar root, shoot and total

biomass. Also, WUE decreased with increasing wataiability.

Table 5.6 Biomass production in ABAreated and control plants undeell-watered conditions.

Treatment  Root (g DW)  Shoot(g DW) R/S Total (g DW) WUE égo?w g
Control 0.62a 3./a 0.17 a 4.37 a 1.50 a
Drench 0.66 a 2.73 a 0.26 a 3.39a 2.05a

Spray 0.75a 2.95a 0.26 a 3.70 a 1.95a
Sgnificance n.s. n.s. n.s. n.s. n.s.

n.s.,not significant Data represent mean values. In each coluneansfollowed by the same letter are
not statistically different (at 0. 05
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Table 5.7 Biomass production in ABAreated and control plasaunderdrought conditions.

Treatment  Root (g DW) Shoot(g DW) R/S Total (g DW) WUEI—EQO?W g
Control 0.69a 3.15a 0.21a 3.84a 2;2 b
Drench 0.59a 256 a 0.23 a 3.15a 3.56 a

Spray 0.61a 3.03a 0.20a 3.64a 257b
Sgnificance n.s. n.s. n.s n.s. *

n.s., not significant; *, significant difference at@®® 0. D&t&b represent mean values. In each column,
meandollowed by the same letter are not statistically different @ PO . 05) .

Table 5.8 Biomass production in ABAreated and control plants undenirrigated conditions.

Treatment  Root (g DW) Shoot(g DW) R/S Total (g DW) WUE égo[))W g
Control 0.47 a 2.07a 0.23a 254 a 3_287 a
Drench 0.49a 2.50a 0.20a 3.00a 420 a

Spray 0.41a 2.09a 0.19a 250a 3.72a
Sgnificance n.s. n.s. n.s. n.s. n.s.

n.s.,not significant Data represent @an values. In each colummeansfollowed by the same letter are
not statistically different (at 0.05) .

Endogenous ABA, besides controlling stomatal movements, alters plant growth upon soil
environmental conditions by sustaining growth under normal conditions and enhancing it under
limiting conditions such aglrought (Sharp, 2002; LeNoblet al, 2004). Previousreports
demonstrated that periodically supplied ABA increases WUE and reduces plant growth under
well-watered and drought conditions Ropulus davidiangLi et al, 2004) and two diverse
Malus species (Maet al,, 2008) due to a rise in dagenous ABA content. Present data show that
exogenous ABA treatments produced no significant effect on plant growth ufféeerdiwater
availability conditions and only increased WUE under drought conditiorRouilus davidiana
andMalus sp, well-watered plants produced more biomass than drought stressed oeesl(Li
20048, Ma et al, 2008) In contrastin the presenstudy both weltwatered and drougtstressed
plants produced similar total biomass whereas-imagated plants showed the lowdsibmass
production. This differenceompared witlprevious expementsmay be explained by the study
duration which extended foaboutl month in the present wark fact, Populus davidiandLi et

al., 2004) andMalus(Ma et al, 2008)studies prolongel for 4 and 6 mon#) respectively. Also,
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Malus and Populusplants adapted to drought conditions shobe#tergrowth performancedue
to water restrictiontherefore, sincghe peach rootstock G&77 is a vigorous rootstock that
easilyadapts to unfertilend droughtysoils Reighard and Loret008) its growthcould be less
altered by reduced water availability.

In conclusion, ABA treatments substantially improved water retention under the considered
experimental conditions while did not significantiftered biomass production. This is an
interestingrequirement in view of field application of the hormone under both-wetiered and
drought conditions.
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Conclusion

6. CONCLUSION

In conclusion, JAs and ABA affect diverselly fruit developmehpeach and kiwifruitsJA-
treated peach fruit confirms to be less ripe han controls, in agreement with the delayed
progression of oo, as shown by agronomical assessmentstaaddownregulation of crucial
ripeningrelated ethylenegenes Moreover, Ioth preharvest and podiarvest ABA treatments
lead to larger, sweeter and more colopedchfruits. This is supported by the finding that ABA
treated peach trees retain more wdtekiwifruit, both hormones advance ripening by enhancing
soluble sugar accumulation and fleshocalevelopment.

Also, ABA treatments substantially improved water retention under the considered
experimental conditions whilghey did not significantly altered biomass production. This is an
interesting requirement in view of field application of therhone under both welatered and
drought conditions.

Finally, most experimental outcomes derive from studies conducted in simple and controlled
environments i@ vitro, growth chambers or greenhouses), and often these result in partially
overlapping, butnot coinciding, effects. The present information, arising frplant growth
application in a field environment, where plants have to cope with multiple biotic and abiotic
stresses, may open up new perspectives for the use of these substances in thef daumtrol

ripening.
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